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Abstract: The thermal regime and microstructural phenomenon are studied by using finite-element
(FE) modelling and the analytical Rosenthal equation during laser welding of aluminum alloy 5456
(AA5456) components. A major goal is to determine the merits and demerits of this analytical equation
which can be an alternative to FE analysis, and to evaluate the effect of imperative assumptions on
predicted consequences. Using results from the analytical and numerical approaches in conjunction
with experiments, different physical features are compared. In this study, the results obtained from
experiments in terms of melt pool shapes are compared with the predicted ones achieved from the
numerical and analytical approaches in which the FE model is more accurate than the Rosenthal
equation in the estimation of the melt pool dimensions. Furthermore, as to the partially melted zones,
the estimations achieved from the numerical modeling are more genuine than ones from the analytical
equation with regards to the experimental results. At high energy density, near keyhole welding
mode, the reported results show that experimental melt widths are supposed to be narrower than the
fusion widths estimated by the analytical solution. The primary explanation could be the influence of
thermal losses that occurred during convection and radiation, which are neglected in the Rosenthal
equation. Additionally, the primary dendrite arm spacing (PDAS) estimated with the numerical
modeling and the analytical Rosenthal solution is comparable with the experimental results obtained.

Keywords: laser welding; numerical finite-element modeling; analytical Rosenthal equation; thermal
regime; microstructure; AA5456

1. Introduction

Laser beam welding has numerous merits owing to high welding velocity, low heat input,
high flexibility, high efficiency of production, narrow weld width and large weld depth in comparison
to conventional welding processes, such as those based on the electric arc. Thus, the use of laser welding
in different applications such as high pressure and vacuum vessels, crane fabrication, and in the marine
and aerospace industries is currently a reality. For instance, pulsed Nd:YAG laser is of great importance
because the laser parameters, that is, average power, pulse duration, and frequency, are controllable.
As for aluminum and its alloys, they are comprehensively consumed in different industries such as
aerospace and automobile owing to their high specific strength and corrosion resistance in comparison

Metals 2020, 10, 436; doi:10.3390/met10040436 www.mdpi.com/journal/metals
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to other metallic alloys. Among different kinds of aluminum alloys, 5456 aluminum alloy (AA5456),
which is a wrought and non-heat treatable aluminum alloy belonging to the 5xxx Al-Mg series, is focus
of attention due to the high amount of magnesium (approximately 5 percent), which improved the
material weldability [1].

During welding, process control is fundamental to obtain defect-free joints. All aluminum alloys
encompass specific characteristics, namely, low absorption of the laser beam, volatile elements such
as magnesium in 5456 aluminum alloy, tendency to create oxide films, and a propensity to form
constituents with low melting points [2,3]. Therefore, some defects including excessive porosity,
blowholes, and hot cracking can occur in laser welded aluminum alloys [4]. These kinds of flaws
can be seriously damaging to the mechanical properties of the welds. To achieve a sound weld
of aluminum alloys via laser welding, considering the relationships between microstructure and
mechanical properties, determining optimum parameters in the process for different aluminum alloys
is of paramount importance. It has been reported that hot cracking phenomenon is eliminated during
laser welding of 5456 aluminum alloy by performing preheating just before welding [1]. Researchers
have found that increasing pulse overlapping factor induces an increase in Mg loss so that a tendency
to formation of excessive solidification cracking occurs [5]. With all these results considered, it is
obvious that the solidification process and optimization of laser parameters are determining factors
in the performance of laser welds and the resulting microstructures. As far as these imperative
concepts are concerned, it is of paramount importance to evaluate the temperature regime during this
particular process.

Experimental results play an integral role in characterizing laser welded components; however,
these results could be restricted by the technique used, and the time-consuming aspect may also
adversely affect the whole process. On the other hand, in order for the significant behavior in laser
welding to be investigated and determined, mathematical models are additional ways. It should be
considered that numerical and analytical solutions are two major approaches to obtain such insights
into the effect of different process parameters. To predict the thermal features of welding, Rosenthal’s
analytical model can be widely utilized and has a potential to give an abrupt estimation [6]. However,
some assumptions need to be performed when using the Rosenthal equation in order that this analytical
solution would be applicable in welding process; nevertheless, this will raise concerns about the
results’ accuracy obtained from this equation. On the other hand, the amount of assumptions used
in numerical models is often fewer than the analytical solution, which causes to be more genuine.
In contrast to this idea, the calculation time needed for numerical models is drastically longer than that
of analytical ones.

It has been reported that the Rosenthal equation was already applied to determine which conditions
would induce lack of fusion circumstance in different alloys [7]. They found a prediction of blowhole
formation induced by lack of fusion under various processing conditions. In another research, the
primary dendrite arm spacing (PDAS) was estimated via a processing map [8]. Wang et al. [9] have
conducted the phase-field model to evaluate the dendritic growth of grains along the melt pool
boundary. Remano et al. [10] have utilized a finite-element (FE) model to investigate molten and
solidified Inconel 718 during the laser-based additive manufacturing. In this research, they observed
that the fusion width was overestimated when using high energy densities. In this regard, the
absorptivity of laser beam by the substrate was determined using a factor which needs to be performed
in numerical modeling so that the predicted results became comparable with experimental ones.
Artinov et al. [11] developed a 3D model to calculate the heat source and predict the thermal behavior
in fusion welding. Furthermore, they accomplished a relationship between numerical results and
experimental ones for weld pool geometries and heat transfer. Satyanarayana et al. [12] have applied
the convection mode of heat transfer and Marangoni stresses in the fusion zone and have also calculated
heating and cooling rates with which they would then use to study the microstructure of fusion and
heat affected zones during laser welding of ZR-1%NB alloy. In another study [13], a finite element
model was developed to investigate hot cracking phenomena during laser welding of 6xxx aluminum

2



Metals 2020, 10, 436

alloys. It was shown that the heat flux vector field achieved from the simulation is in a good agreement
with the grain orientation observed in the experiments. As to laser welding of 5xxx and 6xxx Al
series, research works have been conducted using thermomechanical finite element models to study
the temperature-dependent characteristics of the joints so that optimized laser parameters would be
obtained [14]. Moreover, an irreversible melting state variable into the thermomechanical simulation
was presented to evaluate how the melting state influences the mechanical and thermal features during
laser welding of Al alloys [15]. Based on previous studies, numerical modeling and analytical solutions
are both capable to produce satisfactory results during the laser welding process. However, they should
be investigated separately, and there has been no comprehensive evaluation of these two routes yet,
especially for laser welding of the 5456 aluminum alloy.

All in all, this research aims to describe both analytical and numerical solutions and compare
them with regards to laser welding of AA5456 using a pulsed Nd:YAG laser. Based on the previous
studies in this regard, it should be mentioned that the continuous mode of laser equipment has been
widely used such that a comprehensive study in order to show the comparison between numerical and
analytical solutions in laser welding of AA5456 using a pulsed Nd:YAG laser is still lacking. To do
so, some important parameters like fusion dimensions, partially melted zone thickness, temperature
gradient, cooling rate, solidification rate, and microstructure such as primary dendrite arm spacing
(PDAS) were predicted and compared using analytical and numerical approaches in addition to
experiments. Moreover, the predicted results were affected by the assumptions performed in the
numerical modeling; therefore, these effects were elaborated. Furthermore, to validate these predicted
results, some experimental results were obtained and compared to them. By doing so, it is expected
that the knowledge of the correlation between determining parameters in the process and laser welded
results is enhanced. Additionally, in order to investigate whether the analytical Rosenthal equation
can supplement or replace the numerical modeling, the capability and limitations of this equation are
studied in this research.

2. Numerical Modeling

In order for the temperature profile to be simulated during laser welding, a finite-element model
was prepared. In this case, thermophysical properties of the material, the distribution mode of the laser
beam focused on the substrate, and radiated heat losses in conjunction with heat losses through the
convection are considered. For this purpose, COMSOL Multiphysics software version 5.4 developed
by COMSOL Inc. (Stockholm, Sweden) is utilized to carry this numerical simulation out. Simulation
circumstances are similar to processing parameters performed in laser welding, including a mean
power of 50–80 W, a spot diameter of 0.5 mm, a frequency of 10 Hz, a duration of 4 ms, and a welding
velocity of 2 mm/s.

2.1. Material Properties and Methods

Sheets of aluminum alloy 5456 with a thickness of 5 mm were used as the base metal in this
investigation. The length and the width of these aluminum alloy sheets were 100 mm and 50 mm,
respectively. Table 1 illustrates the chemical composition of this alloy. In order for the dendritic
growth of grains within the fusion zone to be investigated, the scanning electron microscopy (SEM)
was utilized.

Table 1. Chemical composition of samples (in wt.%).

Mg Mn Fe Si Cr Cu Ti Al

4.7 0.66 0.22 0.09 0.09 0.01 0.03 Base

To weld AA5456 sheets in the bead-on-plate condition, a pulsed Nd:YAG laser with the model of
IQL-10 was used. This laser apparatus was able to produce a maximum power of 80 W, a wavelength of
1064 nm, a focal length of 100 mm, and a spot diameter of 0.5 mm on the substrate. In the current study,
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the laser beam was collided with the substrate through the top surface. To protect the welding pool
and its surroundings, argon gas at a flow rate of 30 l/min was applied linearly in the welding direction.
Table 2 depicts the specific parameters which have been performed in the laser welding process.

Table 2. Laser welding parameters.

Specimen
Pulse

Frequency (Hz)
Pulse Duration

(ms)
Peak Power

(kW)
Pulse

Energy (J)
Average

Power (W)
Heat Input

(J/mm)

A1 10 4 1.25 5 50 25
A2 10 4 1.5 6 60 30
A3 10 4 1.75 7 70 35
A4 10 4 2 8 80 40

Thermophysical properties of the material such as density, specific heat, and thermal conductivity
vary with temperature such that they should be calculated via polynomial coefficients method which
is described below. These coefficients are depicted in Table 3 [16–18].

Table 3. Polynomial coefficients vary with temperature T for calculation of Density D, Specific Heat at
constant pressure Cp, and Thermal Conductivity λ of Aluminum alloy 5456 [16–18].

Polynomial Coefficients
y=a+bT+cT2

Property
y Unit a b c Range T (K) State Reference

D(T) kg·m−3 2717.683 −0.231 - 293 ≤ T ≤ Tm s [16,17]
D(T) kg·m−3 2599.97 −0.27 - Tm ≤ T ≤ 1680 l [16,17]
cp(T) J·kg−1·K−1 787.73 0.457306 - 293 ≤ T ≤ Tm s [16,18]
cp(T) J·kg−1·K−1 1261 - - Tm ≤ T ≤ 1491 l [16,17]
λ(T) W·m−1·K−1 111.11 0.0888 - 293 ≤ T ≤ Tm s [16,18]
λ(T) W·m−1·K−1 33.9 7.892 × 10−2 −2.099 × 10−5 Tm ≤ T ≤ 1491 l [16,17]

As was mentioned above, thermophysical characteristics of the material are computed via
polynomial coefficient. The value of each parameter was calculated as function of temperature using
COMSOL Multiphysics; these diagrams are shown in Figure 1. In addition, in order for the phase
change in the mushy zone to be considered, the heat capacity method is solved by encompassing the
latent heat (L = 290 kJ·kg−1) of the base metal [19]. By doing so, the modified specific heat can be
calculated in the mushy zone between the solidus and liquidus temperatures of the material ΔTm, which
is about 67 K; in this region, average melting temperature is defined to be 877.5 K approximately [20]
(Equation (1)).

Cp =

{
Cp,sensible f or T < Tm − 0.5ΔTm or T > Tm + 0.5ΔTm

Cp,modi f ied = Cp,sensible + L/ΔTm f or Tm − 0.5ΔTm < T < Tm + 0.5ΔTm
(1)

in this equation, cp and T illustrate the specific heat and temperature, respectively.
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. 

Figure 1. Variation of thermophysical properties for 5456 aluminum alloy (AA5456 with temperature:
(a) specific heat; (b) density; and (c) thermal conductivity.
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2.2. Thermal Modeling

The substrate with the width of 10 mm, the length of 10 mm, and the height of 2.5 mm is involved
in the thermal modeling. In general, it should be mentioned that the dimension of actual substrate that
is used for the laser welding process is larger than the domain considered for simulation. Nevertheless,
the thermal model simply plays a role as a heat container in the welding process; the serious thermal
involvement happens adjacent to the upper part of the substrate and decreases abruptly with shifting
to the bottom [21]. It was verified with a domain size independence test that the calculation domain
is appropriate to not influence the temperature regime during the welding process, while restricting
the computational load. To do so, five kinds of domains were used to validate the domain size
independence. These were 10 × 10 × 2.5 mm3, 8 × 8 × 2 mm3, 6 × 6 × 1.5 mm3, 4 × 4 × 1 mm3, and 2 ×
2 × 1 mm 3, as domains 1 to 5, respectively. As shown in Figure 2, the temperature variation at point
(5, 0, 2.5), as the initial point of laser beam with an average power of 80 W focused on the substrate,
was extracted. The difference between these five domains is less than 1%. Therefore, domain 1 was
selected for this calculation to reduce the computational cost and time. However, this issue should
be taken into account that by increasing the heat input of laser beam, the molten depth can be larger
than the height of the substrate determined in the thermal model. Therefore, if the molten depth
becomes larger than the domain used in the thermal modeling, the height of the domain needs to be
changed with regards to the molten depth. However, in order for the computational cost and time to
be decreased with regards to the molten depth and width, which were the main concentration in the
present study, a domain with 2.5 mm height was prepared. Additionally, natural convection within a
liquid melt pool is neglected in the thermal calculation. By doing so, the molten pool temperature
is supposed to be higher than its temperature in real experiments; however, this would affect the
solidification process very little from the molten pool boundary in which phase transformation and
heat conduction occur [22]. Equation (2) illustrates the distribution mode of laser beam power, which
is considered to be Gaussian. In this equation, (x0, y0) is the initial point of the laser beam focused on
the substrate, which is equal to (5, 0). Moreover, it should be noted that a pulsed Nd:YAG laser was
utilized in the present study; therefore, it has a pulse duration and frequency with which the on-time
and off-time of the laser beam can be determined. According to the parameters in Table 2, the pulse
duration and frequency are 4 ms and 10 Hz, respectively. This means the laser beam is activated for
4 ms and then deactivated for 96 ms. In this regard, there should be 10 pulses in a second of the laser
welding process (the time length from a pulse to the next pulse is around 100 ms). To consider the
pulse mode of the laser beam, a step function is defined in which its value is 1 when the laser is active;
on the other hand, its value is 0 when the laser beam is off. This function ϕ, which is dependent on
time of the welding process t, is shown below as Equation (3).

q(x, y, t) =
2λPϕ(t)

πr2
0

exp

⎧⎪⎪⎨⎪⎪⎩
−2

[
(x− x0 −Vt)2 + (y− y0 −Vt)2

]
r2

0

⎫⎪⎪⎬⎪⎪⎭ (2)

ϕ(t) =
{

1 t = D
0 t = f −D

(3)
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Figure 2. Domain size independence test.

In this equation, P is the laser power, λ is the absorption coefficient of the material, r0 is the laser
beam radius, V is the welding velocity, and ϕ(T) is the function calculated via Equation (3), in which
D and f are the pulse duration and frequency of the laser equipment, respectively. The absorptivity of
aluminum alloy 5456 is reported to be 0.36 [23].

To calculate the amount of radiation losses during laser welding, Equation (4) is performed using
a coefficient for radiative heat transfer through the top surface of the substrate:

hradiation = εσ
(
T2 + T2

ambient

)
(T + Tambient) (4)

In this equation, hradiation is supposed to be the coefficient for radiative heat transfer, σ is a
constant coefficient known as the Stefan–Boltzmann constant, ε is the coefficient for emission of the
substrate, and Tambient is considered to be the ambient temperature; these parameters are reported to be
5.67 J/K2·m4, 0.022, and 293 K, respectively [24,25].

In the thermal model, the temperature of the bottom part of the substrate is kept at room
temperature. Based on previous studies, it has been shown that the substrate temperature is not
significantly affected by the temperature variation at the bottom part of the substrate [26]. Furthermore,
there is an assumption in the thermal model in which the insulation aspect of side walls is taken into
account. Figure 3a exhibits the thermal model, which is considered for simulation in this research.
Moreover, the calculation domain used in this simulation is demonstrated in Figure 3b. It should
be taken into account that the mesh used in the present study is extremely fine (530714 elements)
to calculate the temperature-dependent parameters accurately. A tetrahedral-shaped mesh with the
minimum element size of 0.002 mm and the element volume ratio of 0.06968 was used to investigate
the thermal behavior of joints.

7
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Figure 3. (a) Thermal model: (1) the distribution mode of laser heat source; (2) radiation and convection
losses; (3) insulation of side walls; (4) the bottom part of the substrate remained at room temperature;
(b) calculation domain used in the simulation.

3. Analytical Rosenthal Equation

Rosenthal [6] has proposed an analytical method to estimate the thermal characteristics of
materials during fusion welding in conduction mode. Therefore, this equation can be used in laser
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welding processes undergoing conduction mode welding and not key hole, in order to understand
the temperature-dependent behavior of materials during welding. The Rosenthal equation is a
simple method to predict the thermal behavior of materials, which makes it applicable to various
manufacturing processes such that time-dependent parameters like temperature gradient, cooling
rate, and solidification rate are able to be calculated using this equation. For this purpose, there are
some assumptions that have been taken into account to develop this particular equation, which are as
follows [6]:

• Materials’ properties such as specific heat at a constant pressure, density, and thermal conductivity
are not the functions of temperature. In addition, the latent heat of materials is not considered
when a phase transformation occurs between the solidus and liquidus temperatures of alloys,
especially in the calculation of the specific heat in the mushy zone.

• The heat distribution mode on the substrate is considered to be quasi-stationary due to the
consistency of welding velocity and power.

• A point heat source is selected in this analytical approach.
• Heat losses through radiation and convection are not taken into account. Furthermore, the natural

convection within the substrate is not involved so that the heat produced in the substrate transfers
by the conduction mode.

In order for the analytical Rosenthal equation to be applicable in the pulsed mode of a laser beam
as a heat generator in the welding process, an additional assumption is made that the laser beam
is active in the time range of its pulse duration 4 ms. To do so, Equation (3) should be performed
directly in the Rosenthal equation. Therefore, the modified Rosenthal equation is achieved and shown
in Equation (5):

T = T0 +
λPϕ(t)

2πkr
exp

[
−V(r + ξ)

2α

]
(5)

According to Equation (5), T0 is the base material starting temperature, k is the thermal conductivity,
V is the welding velocity, α is the thermal diffusivity, and ϕ(t) is the function that was previously
described in Equation (3). It should be taken into account that in Equation (5), the welding is performed
in the direction of the y-axis; so, to perform welding velocity and time in the equation, y − Vt is
substituted by ξ; r is the distance of any point on the substrate from the laser beam, which can
be computed by

√
x2 + ξ2 + z2. As discussed before, materials’ properties are not the functions of

temperature while using in the analytical solution. As a result, the properties mentioned in Table 4
are used in the analytical Rosenthal equation to predict the thermal behavior of the material in
laser welding.

Table 4. Room-temperature thermal properties of aluminum alloy 5456 used in the analytical method.

Property Value Reference

Thermal conductivity, k 117 W·m−1·K−1 [27,28]
Density, ρ 2670 kg.m−3 [27,28]

Specific heat, Cp 924 J·kg−1·K−1 [27,28]
Absorptivity, λ 0.36 [23]

Solid diffusivity, α 6.74× 10−5 m2·s−1 [17]

4. Results

In the present study, the results from experiments, the numerical modeling, and the analytical
method are compared with regards to different energy densities. Equation (6) exhibits how the heat
input can be calculated from the welding velocity and power. These parameters are of great importance
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because they affect the molten geometries and the heat transfer in the welding process. The calculated
heat inputs in the present study are shown in Table 2.

E = P/V (6)

Figure 4 demonstrates the heat transfer and a transverse-section molten pool achieved by the
numerical modeling using an average power of 80 W, welding speed of 2 mm·s−1, and welding
time of 4 ms. By using this model, further calculations of the fusion depth and width, growth rate,
and temperature gradient can be enabled, and thus, the microstructure of welds becomes available
to be estimated using these temperature-dependent parameters. Furthermore, the dimension of the
partially melted zone (PMZ) of welds can be determined using experimental, Rosenthal equation,
and FE modeling results. The results obtained from the numerical modeling, the analytical method,
and the experiments are compared. The temperature gradient and growth rate determined by the two
routes (numerical and analytical) will be evaluated owing to the importance of these parameters in the
prediction of microstructure. Moreover, the PDAS (primary dendrite arm spacing) obtained from two
approaches will be investigated.

Figure 4. Cont.

10



Metals 2020, 10, 436

Figure 4. (a) Transverse-section (x-z) of the heat transfer; (b) molten pool achieved from the numerical
modeling using an average laser power of 80 W, welding speed of 2 mm.s−1, and absorptivity of 0.36 at
t = 4 ms.

4.1. Molten Pool Dimensions

According to the Rosenthal equation, the fusion width maximizes as dx/dξ = 0. To compute
the fusion width in the current study, a simple equation was developed which is derived from the
Rosenthal equation. This particular equation enabled the calculation of the path length between the
laser beam and any location on the melt pool at a specific temperature. By doing so, computing of
the fusion width is possible, and then, the fusion depth can be determined as well. Regarding the
welding velocity of 2 mm/s, the laser beam will move 8 μm in the direction of y-axis for 4 ms (the
pulse duration of laser beam). The abovementioned criteria are shown as Equation (7).

2α
V

ln(r′) + r′ = −2α
V

ln
(

2πk(T − T0)

λP

)
− ξ (7)

where r′ is the path length between any location on the weld pool with a specific temperature and the
laser beam; P is the welding power; T is the temperature of any particular location on the melt pool; T0

is the initial temperature of the material, which is about 293 K; α is the thermal diffusion coefficient at
293 K; V is the welding velocity; k is the thermal conductivity of the material at 293 K; and λ is the
absorption coefficient of the substrate. In order for the weld pool width to be calculated, Equation (8)
is used which is written as follows:

w = 2r = 2
√
(r′)2 − (V × t)2 (8)

where r′ is the path length between any location on the weld pool with a particular temperature and
the heat generator, V is the welding velocity, and t is the welding time. It should be taken into account
that the analytical Rosenthal equation creates a semi-circular molten pool in which the fusion width
(w) is two times bigger than the fusion depth (d).

Experimental results in terms of the fusion width were compared with fusion widths, fusion
depths, and partially melted zones thickness achieved by numerical modeling and analytical method.
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To do so, Rosenthal equation and FE modeling were used in order to calculate these values with which
the comparison of these results becomes available with regards to experimental results. It should be
noted that the PMZ is the area in which solidification cracks can be produced during laser welding
such that the study in terms of this particular area can be beneficial to predict the solidification
microstructure. The parameters performed in the numerical modeling are similar to those utilized in
experiments; these parameters are comprehensively mentioned in Section 2. In order to compare the
validation of the numerical and analytical methods regarding experimental results, four distinct laser
powers were selected in the present study.

Fusion widths obtained from experiments are compared with the estimated ones from the
numerical modeling and the analytical method. This comparison is illustrated in Figure 5. The average
fusion widths were measured from three different transverse sections perpendicular to the welding
direction for each heat input. Based on these results, it is observed that fusion widths achieved from the
numerical modeling are consistent with those from experiments up to an energy density of 30 J·mm−1.
By approaching higher energy densities, the predicted fusion widths tend to overestimate the average
fusion widths obtained from experiments. However, there is a gap between the results from the
analytical method and ones from experiments; obviously, fusion widths achieved from the Rosenthal
equation are bigger than those from experiments. It is apparent that the results from Rosenthal
equation are not matched with the experimental results due to some of selected assumptions described
in Section 3. According to the FE models, natural convection within the molten pool is neglected
so that in smaller melt pools, the temperature is overestimated, compared with genuine melt pools.
Therefore, radiation losses are increased in smaller fusion welds. In contrast to this idea, based on the
assumptions for the analytical Rosenthal equation, radiation losses are not involved in this method;
therefore, fusion widths attained from the analytical method are larger than those from the numerical
modeling and experiments.

Figure 5. Comparison of the fusion width obtained from experiments, the numerical modeling, and
the analytical Rosenthal equation.

Fusion depths obtained from experiments are compared with the estimated ones from the numerical
modeling and the analytical method. This comparison is demonstrated in Figure 6. The average
fusion depths were measured from three different transverse sections perpendicular to the welding
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direction for each heat input. According to these results, it is apparent that fusion depths achieved
from the numerical modeling are consistent with those from experiments up to an energy density of 30
J·mm−1. By approaching higher energy densities, the predicted fusion depths incline to overestimate
the average fusion depths obtained from experiments. On the other hand, the predicted results from
the Rosenthal equation seem to overestimate the average fusion depths attained from the experiments.
The main reason may lie in the assumptions of the Rosenthal equation. As discussed above, there is no
convection during the simulation of the welding process such that the results can be overestimated.
Furthermore, the radiative losses might be too high especially for smaller melt pools; therefore, the
predicted results might be inaccurate. In contrast, in the analytical method, radiation losses and natural
convection are not considered with which the predicted results could be overestimated in comparison
to the predictions from FE modeling and the experimental results.

 

Figure 6. Comparison of the fusion depth obtained from experiments, the numerical modeling, and
the analytical Rosenthal equation.

Figure 7 demonstrates a comparison made on the partially melted zones thickness obtained from
the experiments, the FE modeling, and the Rosenthal equation as well as a cross-section of the molten
pool, whose parameters were selected from A1 in Table 2, fitted by the FE model of the partially
melted zone. As shown in Figure 6, the partially melted zone thickness obtained from the experiments
increases when the heat input of the laser beam is augmented. Actually, the partially melted zone
(PMZ) is an area formed between the eutectic (or solidus temperature for solutionized work pieces) and
liquidus temperatures of materials [29]. It is reported that the energy density can only affect the PMZ
length during welding [30]. According to the predicted results from the FE modeling, it is obvious that
the partially melted zone thickness enhances with the heat input increment; however, these results
overestimate the length of PMZ due to the simplifications described above, such as insulating of
substrate walls and neglecting the existence of convection inside the melt pool. Regarding the results
obtained from the analytical method, an overestimation of the experimental results can be seen from
Figure 7. As described above, there were some assumptions performed to the Rosenthal equation with
which the predicted results are not matched with the experimental ones in this regard.
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Figure 7. (a) Comparison of the partially melted zone thickness obtained from experiments,
the numerical modeling, and the analytical method; (b) fitted partially melted zone from the
finite-element (FE) model on the cross-section of the melt pool using an average laser power of
50 W, welding velocity of 2 mm·s−1, and absorptivity of 0.36.

4.2. Predicted Temperature-Dependent Parameters

Both of the temperature gradient (G) and the growth rate (R) are of paramount importance for
determining the microstructure of solidified welds. The analytical Rosenthal equation can be utilized
to estimate these imperative parameters abruptly via derivation from Equation (5). The temperature
gradients in the directions of the axis y- and the axis z- are computed using the following equations.
Equations (9) and (10) demonstrate the temperature gradients in the direction of the axis y- and the
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axis z-, respectively; both of these equations can be utilized through a section in the y-z plane where
x is equal to zero. Moreover, for any point in the transverse section of the molten pool at x = 0, the
cooling rate can be computed using Equation (11).

∂T
∂y

=

⎡⎢⎢⎢⎢⎣1 + y√
y2 + z2

+
2αy

V(y2 + z2)

⎤⎥⎥⎥⎥⎦
⎛⎜⎜⎜⎜⎝− λP

2πk
V
2α

1√
y2 + z2

⎞⎟⎟⎟⎟⎠exp
[
− V

2α

(
y +

√
y2 + z2

)]
(9)

∂T
∂z

=

⎡⎢⎢⎢⎢⎣1 + 2α

V
√

y2 + z2

⎤⎥⎥⎥⎥⎦
(
− λP

2πk
V
2α

z
y2 + z2

)
exp

[
− V

2α

(
y +

√
y2 + z2

)]
(10)

∂T
∂t

=

⎡⎢⎢⎢⎢⎣1 + y√
y2 + z2

+
2αy

V(y2 + z2)

⎤⎥⎥⎥⎥⎦
⎛⎜⎜⎜⎜⎝ λP

2πk
V2

2α
1√

y2 + z2

⎞⎟⎟⎟⎟⎠exp
[
− V

2α

(
y +

√
y2 + z2

)]
(11)

From the work of Bontha et al. [31], temperature-dependent parameters, namely, temperature
gradient, cooling rate, and growth rate vary considerably at different points inside the molten pool. It is
of great importance that the fusion depth should be calculated by Equation (7) so that the temperature
gradient and the cooling rate of solidified welds can be determined in this regard. In this case,
the average fusion depth can be seen from Figure 5 as well. Using Equation (5), the points y and z for
different heat inputs are computed from the bottom of the welds to the centerline. These values are
utilized to investigate the heat transfer behavior within the molten pool using Equations (9)–(11). Then,
the average amounts of the results obtained from the analytical method are compared for various
locations. In order for the solidification rate within the melt pool to be determined, the values of
temperature gradient and cooling rate achieved from the analytical Rosenthal equation are used in
Equation (12) for each point in the melt pool.

R =
1
G
∂T
∂t

=
1√(

∂T
∂y

)2
+

(
∂T
∂z

)2

∂T
∂t

(12)

As to the numerical modeling, it is also of paramount importance that the fusion depth of solidified
welds needs to be determined to evaluate the heat transfer behavior within the molten pool. Then,
temperature-dependent parameters including temperature gradient and cooling rate are calculated
at different points within the melt pool. In order for this case to be clearer, conceive an example
of a laser beam with an average power of 80 W, welding velocity of 2 mm.s−1, and an absorption
coefficient of 0.36. Performing these laser parameters, the obtained fusion depth using the numerical
modeling is 576 μm. Temperature and temperature gradient, as thermal properties of the welded
material, are computed in five different points from the bottom of the weld pools to the centerline:
76, 176, 276, 376, and 476 μm. By doing so, Figure 8a–c is attained in which the temperature and the
temperature gradient in the direction of the axis z- are illustrated as functions of time and temperature,
respectively. It is worthwhile to mention that the average amount of the temperature gradient is taken
into account for the melting point and compared with the results obtained from the analytical method.
For determining the solidification rate within the molten pool, the cooling rate is measured in the
same way as the temperature gradient which was discussed before. Then, the temperature gradient
and the cooling rate obtained from the numerical modeling are used in Equation (12), and ultimately,
the values of the solidification rate are attained for different locations within the melt pool.
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Figure 8. Cont.
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Figure 8. (a) Variation of temperature versus welding time for different points within the molten pool;
(b) variation of temperature gradient versus welding time for different points within the molten pool;
(c) variation of temperature gradient versus temperature for different points within the molten pool
obtained from the numerical modeling using a laser beam with an average power of 80 W, welding
velocity of 2 mm·s−1, and absorption coefficient of 0.36.

Temperature gradients are determined for different heat inputs using the numerical modeling and
the analytical method, and the results obtained from the numerical modeling are compared with those
attained from the analytical Rosenthal equation as shown in Figure 9, where the welding velocity is
constant and its value is about 2 mm·s−1. As shown in Figure 9a, the temperature gradient is decreased
by increasing heat input of the laser beam; this trend is the same for both approaches including the
numerical modeling and the analytical method. The reason may lie in that by increasing the heat input
of the laser beam, the molten pool becomes larger, which deteriorates the temperature gradient within
the weld pool. According to the parameters used in this study, the results for temperature-dependent
parameters such as temperature gradient, cooling rate, and growth rate obtained from the numerical
modeling are slightly bigger than those from the analytical Rosenthal equation, as shown in Figure 9a–c.
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Figure 9. (a) Temperature gradient, (b) cooling rate, and (c) solidification rate achieved from the
numerical modeling and the analytical method versus heat input of the laser beam and their comparison.

Additionally, as can be seen from Figure 9b, the difference between the values of cooling rates
obtained from the numerical modeling and the analytical method is increased by enhancing the energy
density of the laser beam. The major reason may lie in that by increasing the heat input, radiation
loss is increased as well so that this plays an integral role in increasing the difference between the
results achieved from the numerical modeling and the analytical method at higher energy densities.
Furthermore, as to the analytical method, heat losses are not considered through the substrate such that
the temperature is raised considerably within the molten pool which makes it bigger in comparison
to the FE model. Therefore, the cooling rate attained from the analytical method is lower than that
achieved from the numerical modeling. Moreover, the more heat input is increased, the more the cooling
rate from the analytical method is decreased due to an increase in weld pool dimensions. In addition,
as to the FE model, the thermal conductivity of the material is a function of temperature. Therefore,
by approaching the temperature near to the melting point of the material, the thermal conductivity is
increased so that this can help the cooling process in the simulation. However, this cannot be a positive
point for the cooling rate achieved from the analytical method because materials properties are not
dependent on the temperature of the material using in the analytical Rosenthal equation, as discussed
before. Goldak et al. [32] conducted a research in terms of the cooling rate and a comparison of its value
obtained from the numerical modeling, the analytical Rosenthal equation, and experiments during
welding. Based on the results from the numerical modeling, the analytical method, and experiments,
they reported that the cooling rate attained from the FE model was underestimated by 5%, while
the cooling rate computed from the Rosenthal equation was overestimated by 41%. Quite contrary,
the results obtained from this study differ from those achieved by Goldak et al. because the cooling
rate attained from the numerical modeling is higher than that achieved from the analytical method in
the present study due to the reasons explained above. It should be considered that Goldak et al. [32]
used low-carbon steel as the base metal that has lower thermal conductivity at higher temperatures so
that the cooling rate calculated by the numerical modeling became lower than that computed by the
analytical Rosenthal equation.

While investigating the heat transfer behavior within the molten pool, it is noteworthy to mention
that the initial temperature of the substrate is considered to be constant, which is equal to room
temperature. However, in genuine environments, the accumulation of heating in the substrate may
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affect the initial temperature so that it cannot be considered to become constant. There are some factors
that can influence on the initial temperature of the substrate, including a minute time length between
pulses with which the time needed for the cooling process is decreased; a small welding path with
which the temperature of the molten pool is raised considerably after each pulse; and small features
in the geometry with which the heat conduction is become weak due to the reason that oxide films
on the substrate have low thermal conductivity. Without considering the local temperature of the
substrate, the analytical Rosenthal equation is not applicable to evaluate the heat transfer behavior of
the welded material; nevertheless, particular geometries can be performed in the numerical modeling
for investigation of the heat transfer during welding.

4.3. Microstructural Evaluation: Primary Dendrite Arm Spacing (PDAS)

Understanding the relationship between the laser parameters and the microstructure can require
an understanding of the microstructural evaluation of the joints via the numerical and analytical studies.
By doing so, the mechanical characteristics of laser welded components can be estimated using this
invaluable knowledge. Primary dendrite arm spacing (PDAS) can be an appropriate microstructural
instance with which the mechanical features of welded materials can be elaborated upon [9]. As a
result, the correlation between the solidification process and primary dendrite arm spacing has become
the attention of various researches [5,33,34]. The Kurz and Fisher (KF) model is one of the most
traditional models with which the calculation of PDAS becomes available [34]. It should be mentioned
that this model (Equation (13)) has been utilized in Al-Mg systems in which PDAS has reported to be
accurate with regards to experimental results [5].

δ = 4.3
(

ΔT0.D.Γ
k0

)1/4

.G−1/2.R−1/4 (13)

in this equation, G, which is known as temperature gradient, is the variation of temperature around
a particular location at a given time; R, which is known as solidification rate or growth rate, is the
travel speed of the solid-liquid interface at a given temperature; δ is the primary dendrite arm spacing
(m). The values of ΔT0, D, k0, and Γ are intrinsic characteristics of the material which are provided in
Table 5 [5,20].

Table 5. Material characteristics of the AA5456 used in the Kurz and Fisher (KF) model.

Feature Amount Reference

Solidification zone, ΔT0 67 K [20]
Gibbs–Thomson coefficient, Γ 1.3× 10−7 K·m [5]

Partition coefficient, k0 0.48 [5]
Liquid diffusivity, D 10−8 m2·s−1 [5]

As shown in Figure 10, the variation of primary dendrite arm spacing (PDAS) obtained from
the numerical modeling and the analytical method is illustrated versus the heat input of the laser
beam, and a comparison between these results and experimental one has been made. Obviously, the
G (temperature gradient) and R (solidification rate) values obtained from the numerical modeling
and the analytical Rosenthal equation are different so that Equation (13) results in different values
for PDAS attained from the numerical modeling and the analytical method. Wang et al. [35] have
observed that both calculation approaches illustrate the same trend in which the PDAS is increased
by enhancing heat input. It should be taken into account that the PDAS, which is predicted by the
analytical method, is attained to be slightly larger than that from the numerical modeling. To observe
the validation of the results obtained from the numerical modeling, an experiment was conducted
using the same laser parameters as for the numerical method, and these results are compared with
each other. Figure 10 shows the transverse-section of the laser welded material in which the laser
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parameters are selected from A2 in Table 2. As shown in Figure 11, the PDAS value is 1.029 μm at
the heat input of 30 J·mm−1. It is apparent that the results obtained from the numerical modeling and
the analytical method are consistent with the result from an experiment which was done at the heat
input of 30 J·mm−1. Apparently, both of the numerical and analytical methods are capable to produce
the primary dendrite arm spacing (PDAS), but it needs to have more experimental results to validate
the numerical and analytical methods efficiently and compare their results to see which one is more
accurate that the other one. Thus, there should be more experiments, specifically at various heat inputs,
to verify the numerical modeling and the analytical method. Furthermore, with more available data,
the determination of better methods will be attainable as well.

Figure 10. Variation of primary dendrite arm spacing (PDAS) obtained from the experiment, the
numerical modeling, and the analytical method versus heat input.
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Figure 11. Measurement of dendrite arms taken by optical and scanning electron microscopies at the
boundary of fusion zone using a laser with an average power of 60 W, welding velocity of 2 mm.s−1,
and absorption coefficient of 0.36.

5. Conclusions

In the present study, the heat transfer behavior of AA5456 as the base metal is investigated while
welding by a pulsed Nd:YAG laser. To do so, the numerical modeling and the analytical method are
performed, and the estimated results are compared with the experimental ones. According to the
investigation, welding pool dimensions including fusion width, fusion depth, and PMZ thickness;
temperature-dependent parameters such as temperature gradient, cooling rate, and growth rate;
and primary dendrite arm spacing (PDAS) are determined for different heat inputs. Moreover,
the results obtained from the numerical modeling and the analytical method are compared with the
results from experiments to validate these methods as a confident tool in prediction of mechanical
properties as well as the microstructure. The conclusions are mentioned below:
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(1) The fusion width and depth obtained from the numerical modeling are consistent with the
experimental results up to the heat input of 30 J ·mm−1. However, by increasing the heat input,
the discrepancy between the results from the numerical modeling and experimental ones becomes
larger. The Rosenthal equation overestimates the melt pool dimensions. The reason may lie in the
assumptions performed in the analytical Rosenthal equation in terms of neglecting heat losses
through the substrate.

(2) With regards to the partially melted zone, the FE model is slightly larger than the experimental
results at the heat input of 25 J ·mm−1. However, by increasing the heat input, the discrepancy
between the results achieved from the numerical modeling and the results from experiments
becomes wider. On the other hand, the Rosenthal equation overestimates the partially melted
zone in comparison to the FE model and the experiment; this could be a result of assumptions
with which heat losses as well as latent heat of the material are supposed to be neglected.

(3) Numerical modeling produces temperature-dependent parameters including temperature
gradient, cooling rate, and growth rate, which are higher than those obtained from the analytical
method. Moreover, the discrepancy between the predicted results using the numerical modeling
and the analytical method becomes larger by enhancing energy density.

(4) The primary dendrite arm spacing (PDAS) is measured using the numerical modeling and the
analytical method. As a result, the values obtained from the analytical method are slightly
larger than those from the numerical modeling. Furthermore, it is observed that both of the
numerical and analytical methods predict the PDAS with somewhat accuracy at the heat input
of 30 J ·mm−1 regarding the experimental result. However, there should be more experiments
to verify these methods as a confident tool for prediction of the microstructure in laser welded
materials, especially at different heat inputs.

(5) All in all, the Rosenthal equation underestimates thermal results and overestimates microstructural
results in comparison to the FE model. It should be taken into account that the discrepancy
between the results attained from the analytical method and the numerical modeling becomes
larger at higher heat inputs; therefore, there should be a restriction in utilizing the analytical
Rosenthal equation at higher heat inputs to investigate the heat transfer behavior of laser welded
materials due to the assumptions performed in this particular method. Thus, the numerical
modeling can be widely used for investigation of heat transfer behavior of welded components at
higher heat inputs, and its accuracy is more than the analytical method because it uses genuine
materials’ characteristics.
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Abstract: The present study was focused on establishing guidelines for successful friction stir
welding of Al alloys and Cu lap joints. Detailed investigations in respect to tool geometry, tool
material, work-piece material, welding parameters, stacking sequence, and heat sink were carried
out. The soundness of welded joints was tested through microscopic analysis and the lap shear test.
The results revealed that the tungsten carbide (WC) tool with square-pin produced sound joints in
terms of minimized defects and high strength. Further, the use of heat sink proved as an important
pre-requisite when the stacking sequence was inversed (i.e., Cu-Al), and this stacking configuration
in comparison with the Al-Cu stacking yielded weaker joints. The influence of the tool welding
speed (F, mm/min) was found to depend upon the tool material. A range of tool welding speed
(23.5–37.5 mm/min) worked well for the WC tool. However, only two values of welding speed
(30 mm/min and 37 mm/min) were observed to be conducive when the tool material was HSCo
(high-speed cobalt)-steel. Finally, it was concluded to employ the WC tool with square-pin, a welding
speed of 30 mm/min, the rotational speed (S, rpm) of 1500 mm/min, and Al-Cu stacking sequence to
successfully process the Al/Cu lap joints.

Keywords: friction stir welding; dissimilar metals; temperature; process conditions; guidelines

1. Introduction

Al-Cu bilayer sheet offers an attractive combination of high thermal and electrical conductivity
and good corrosion resistance. This combination of metals is also comparatively cheaper than the
standalone Cu sheet. Owing to these salient properties, the Al-Cu metal has found a host of applications
in aerospace, chemical, transport, electronic, and power industries [1]. The most common applications
include electrical connectors, power supply module, power LED, heat sinks, electromagnetic shielding,
solder float, and radiators. Another interesting application of Al-Cu sheet is that it can be employed
as a fire-resistant material [2]. Numerous conventional joining techniques such as brazing and laser
welding are applied to join Al and Cu but it is challenging because of the difference in the physical and
chemical properties of the metals and the tendency to form brittle intermetallic compounds (IMCs)
during the formation of welded joints [3]. These IMCs can impair the mechanical and electrical
properties of the joint [4].

The temperature of metals in solid-state joining, on the other hand, does not approach melting
point and this fact minimizes the undesired formation of intermetallics in dissimilar joints. Friction stir
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welding (FSW) is relatively an innovative solid-state welding technique, whereby joining is realized by
the stirring action of a pin-tool without applying any significant external heating. This aspect renders
FSW a very competitive process for joining the dissimilar metals, as described in the literature [5–8].
Besides experimental analyses, numerical modeling has also significant contribution in establishing the
fundamentals of FSW process. Luo et al. [9] worked on numerical modeling of AA2A14-T6 to visualize
the material flow during the FSW process. They found that either high welding speed or low rotational
speed could cause welding defects such as holes and cracks. Dialami et al. [10] performed numerical
modeling to study the microstructure evolution of AZ31Mg alloy during FSW and established relation
among grain size, strain rate, micro-hardness, and temperature.

Some researchers [11,12] have attempted to produce dissimilar joints of Al with other metals.
Sharma et al. [13] utilized five different pin profiles including cylindrical, taper, cylindrical cam, taper
cam, and square to produce butt joint between AA5754 and commercially pure Cu. They reported
that square-pin offered better mechanical properties because it facilitated mixing at the nugget zone.
Akbari et al. [14] examined the trend of mechanical properties with respect to the material position in
dissimilar 7070 Al/Cu lap joint and showed that better welded joint quality achieved when Al was
placed on the top of Cu. Bisadi et al. [15] studied the effect of FSW parameters on the microstructure
and mechanical properties of Al 5083 and commercial Cu FSW lap joint and reported that very low
and very high welding temperature can lead to several joint defects like channel and voids defects.
Celik et al. [16] performed a similar investigation on Al/Cu butt joint and suggested that higher tensile
strength is attributed to dispersion strengthening of fine Cu particles distributed over the Al material
in the stir zone.

Karimi et al. [17] investigated the effect of tool material on the metallurgical and mechanical
properties of dissimilar Al/Cu butt joints. They found that the tool with low thermal conductivity
produced better welded joints. Çevik et al. [18] employed uncoated and TiN-coated X210Cr12 steel
tools in order to fabricate 7075-T651 Al butt joints revealing that the uncoated tool produced favored
results. Bozkurt et al. [19], on the other hand, observed opposite findings while butt welding of
AA2124-T4 alloy with uncoated and CrN and AlTiN-coated HSS tools.

Although some scholars [14,15,20–23] have performed work on different aspects of FSW of Al/Cu
lap joint, a common agreement has not yet arrived in certain respects. As an example, the effect
of tool material has not been agreed upon. Furthermore, nature of the influence of various factors
is associated with the type of weld (say butt or lap). Therefore, more investigations are required
to acquire a thorough understanding on FSW of Al/Cu lap joints. Moreover, most studies furnish
knowledge on one or two aspects of the process. A comprehensive study undertaking a range of
important aspects/factors can provide useful insights to the user for successful welding. The present
study is an attempt in this direction wherein the effects of a number of factors namely tool geometry,
tool material, process parameters, stacking sequence, and heat sink are taken into account.

Two types of tool materials namely HSCo and WC; two thicknesses of materials (1.65 mm and
3 mm for Cu and 2.15 mm and 4 mm for Al); and two types of tool geometries namely round and square
are employed. To successfully produce Al/Cu lap joints at varying of these variables, the welding
speed and rotational speed are altered over a range. It is observed that the joining results (i.e., lap shear
strength and defects) vary as either of the tool material, plate thickness, or tool geometry is changed.
Further, the favorable range of feed and speed also experiences a change with a change in the rest of
the conditions. The presented results can serve as a guideline to produce sound FSW Al/Cu lap joints.

2. Materials and Methods

For the current investigations, three different materials namely 1060 Al (thick), 2219 Al (thin), and
pure Cu as listed in Table 1 and three different tools such as high-speed cobalt taper-pin (HSCo) tool
(HSCo), high-speed cobalt (HSCo) square-pin tool, and tungsten carbide (WC) square-pin tool were
employed as shown in Figure 1 and specifications listed in Table 2. The stress–strain curve of each of
the materials is shown in Figure 2 and the mechanical properties are presented in Table 3. The blank
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from each material was cut to the size of 100 mm × 70 mm, as shown in Figure 3. The surface oxides
from the plates were removed using the abrasive paper. The plates were firmly held in a fixture shown
in Figure 4. The FSW was performed along the long dimension of plates (i.e., rolling direction) utilizing
the BYJC vertical milling machine. The tilt angle was kept constant at 2◦ and the dwell time ranged from
20–35 s. After welding, the strength of lap joints was characterized by conducting lap shear tests on the
Universal Testing Machine 5567 (Instron Corp., Norwood, MA, USA): The geometry of the test sample
is shown in Figure 5. To examine the microstructure and defects, samples (size: 16 mm × 16 mm) were
cut using a CNC EDM wire cut machine and were ground with 220, 320, 500, 800, 1000, 2400, and
4000 abrasive papers of Silicon Carbide (Figure 6). The samples were thoroughly observed with the
TESCAN scanning electron microscope (TESCAN, Brno, Czech Republic) and OLYMPUS B061 optical
microscope (OLYMPUS, Tokyo, Japan). OMEGA infrared thermometer (OMEGA, Norwalk, USA) was
utilized during friction stir welding to measure the temperature at the center on the top surface of the
upper plate as shown in Figure 4.

 
(a) (b) (c) 

Figure 1. Tool geometries employed in the present study: (a) HSCo tapered tool; (b) HSCo squared
tool; and (c) WC squared tool.

 

 (a) 

 (b) 

 (c) 

 (d) 

50 mm 

50 mm 

50 mm 

50 mm 

Figure 2. Stress–strain curve for: (a) 2.15 mm 2219 Al, (b) 4 mm 1060 Al, (c) 3 mm Cu, and (d) 1.65 mm Cu.
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Figure 3. Schematics of friction stir welding (FSW) lap sample.

Figure 4. Setup for clamping FSW sample.

Figure 5. Lap shear sample.
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Figure 6. Microscopy and micro-hardness sample.

Table 1. Blank size utilized in the present study.

Material Length (mm), L Width (mm), W Thickness (mm), T

1060 Al 100 70 4
2219 Al 100 70 2.15

Commercial Cu 1 100 70 1.65
Commercial Cu 2 100 70 3

Table 2. Specifications of FSW tools.

Tool Shoulder Diameter (mm) Pin Height (mm) Pin Cross Section Dimension (mm)

HSCo Tapered Tool 16 3.2 Small diameter = 3 Large diameter = 5
HSCo Squared Tool 16 3.2 Squared shaped each side = 4
Carbide Squared Tool 16 3.2 Squared shaped each side = 4

Table 3. Mechanical properties of base metals.

Material
Yield Strength
(MPa),YS

Ultimate Tensile
Strength (MPa), UTS

%Elongation
(mm/mm), e

Vicker’s
Micro-Hardness at 1 gm

1060 Al 181.72 248.66 17.69 81.12
2219 Al 60.42 117.97 19.75 52.02
Commercial Cu 1 219.21 248.85 36.56 107.71
Commercial Cu 2 291.18 303.86 19.48 112.21

3. Results and Discussion

3.1. Selection of Tool Geometry to Fabricate Dissimilar Al/Cu Lap Joints

Experiments were performed to select suitable tool geometry to successfully produce Al/Cu lap
joints. Based on literature reports [24–26], two shapes of pins namely round tapered and square were
utilized (Figure 1). The shoulder diameter in each case was 16 mm, the pin height was 3.2 mm, and the
other details were as listed in Table 2. The commercial Cu sheet (1.65 mm thick) was placed on the
top of the 1060 Al sheet (4 mm thick) to fabricate dissimilar lap joint. The welding was performed
employing the tapered-pin tool made of high-speed cobalt (HSCo) steel (Figure 1a). The attempts
were made by employing the rotation speed of 1500 rpm and varying the feed from 23.5 mm/min
to 47.5 mm/min as listed in Table 4. As shown in Figure 7a and indicated in Table 4, surface cracks
were generated while welding thus rendering all of the attempts to be unsuccessful. Moreover, the
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HSCo tapered-pin tool was observed to have a shorter life in these tests wherein pin detachment led to
complete failure of the tool.

The second experimental plan was launched to select appropriate tool geometry with the square-pin
tool. As summarized in Table 5, the square-pin tool contrary to the tapered-pin tool apparently produced
successful joints as observable from Figure 7b,c. However, this tool also encountered failure after a few
tests as indicated in Figure 7c whereby a pin left inside the material can be noticed. The observation
from these primary tests revealed that the square-pin tool produced comparatively successful joints
because its squared corners while rotating in a circle generates waves that help in the breaking and
mixing of materials [24]. However, the issue regarding the breakage of the tool-pin that probably
occurred due to tool softening owing to heating while welding yet needed to be resolved. Therefore,
further tests were performed by varying the tool material (WC) as detailed in the coming section.
A test experiment was performed through the WC square-pin tool exactly on the same parameters
(S 1500 rpm and F 36.5 mm/min) as applied for the HSCo square-pin tool to check the success of the
welded joint (Cu-Al) and the strength of WC tool as shown in Figure 7d.

  

(a) 
 

(b)  

  

(c)  

  

(d)  

S 1500 

F 37.5 S 1500 

F 37.5 

Macro-cracks 

S 1500      1500    1500    1500    1500 

F 23.5       30.0    37.5 47.5    60.0
S   1500       1500         1500         1500 

F   30.0        37.5         47.5          23.5 

Buried pin 

Figure 7. 1060Al-Cu lap joints produced; HSCo (a) tapered-pin tool, (b,c) square-pin tool, and (d)
tungsten carbide (WC) square-pin tool.
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Table 4. Experimental conditions employed to fabricate Cu 1-1060Al lap joints using HSCo-steel
tapered-pin tool (TD: 22 s).

Test no. S, rpm F, mm/min Remark

1

1500

23.5 Crack as shown in Figure 7a
2 30.0 Crack as shown in Figure 7a
3 37.5 Crack as shown in Figure 7a
4 47.5 Crack as shown in Figure 7a

Table 5. Experimental conditions employed to fabricate Cu 1-1060Al lap joints using HSCo square-pin
tool (TD: 22 s).

Test No. S, rpm F, mm/min Remark

1

1500

23.5 Successful as shown in Figure 7b
2 30.0 Successful as shown in Figure 7b
3 37.5 Successful as shown in Figure 7b
4 47.5 Successful as shown in Figure 7b
5 60.0 Successful as shown in Figure 7b

3.2. Selection of Tool Material to Fabricate Dissimilar Al/Cu Lap Joints

In an attempt to opt an appropriate tool material for successful welding of Al/Cu joints, two
dissimilar lap joints of 2219 Al-Cu and Cu-1060 Al were fabricated employing two types of tool
materials namely HSCo Steel and WC Carbide. The pin geometry in both cases was square because, as
found above, this geometry offered better results in comparison to other considered ones. The complete
set of conditions has been listed in Table 6.

Table 6. Fabrication of 2219 Al-Cu (1.65 mm) lap joint using WC and HSCo square-pin tool (TD: 22 s).

Test No. S, rpm F, mm/min Tool Remarks

1

1500

23.5

WC

Successfully fabricated (Figure 8a)
2 30.0 Successfully fabricated (Figure 8a)
3 37.5 Successfully fabricated (Figure 8b)
4 47.5 Crack and hole occurred (Figure 8c)
5 60.0 Crack occurred (Figure 8d)

1

1500

23.5

HSCo

Crack occurred (Figure 8e)
2 30.0 Successfully fabricated (Figure 8e)
3 37.5 Successfully fabricated
4 47.5 Crack occurred

Lap shear tests were carried out in order to assess the mechanical performance of lap joints.
The joints and their strength results are shown in Table 7. As observable, both 2219 Al-Cu and
Cu-1060 Al dissimilar joints exhibit fairly good strength when welding was done utilizing the WC
tool. Furthermore, the WC tool offers greater joint strength than the HSCo-Steel tool. For example, the
joint strength of the 2219 Al-Cu joint is doubled when the tool material is altered from HSCo-steel
to WC. The strength gain in the case of the Cu-1060 joint is even better (about 29 times). Figure 9
presents the temperature profiles recorded during welding. The peak temperature obtained with the
WC tool is 250 ◦C and that obtained with HSCo-steel tool is 150 ◦C. This difference in the temperature
is due to a fact that the WC material has higher conductivity (110 W/mK) than HSCo-steel (60 W/mK).
As a result, the workpiece experiences greater heat input that in turn helps in proper mixing and defect
free welding when the WC tool is employed. This can be witnessed from the SEM images shown
in Figure 10 wherein joints produced with the WC tool are sound while those fabricated with the
HSCo-steel tool suffer from defects like pores and voids. These shreds of evidence support why the
WC tool produces sound joints with high strength.
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S 1500 F 
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S 1500 

F 60.0 

S 1500 

F 23.5 
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F 37.5 

S 1500 

F 30.0 

S 1500 

F 30.0

S 1500 

F 37.5 

S 1500 

F 47.5 

S 1500 

F 23.5 

S 1500 

F 23.5 Macro-crack 

Macro-crack 

Macro-crack & hole 

Figure 8. Dissimilar 2219 Al-Cu lap joints fabricated employing different tool materials: (a–d) WC
square-pin tool at scale, (e) HSCo square-pin tool.

Table 7. Comparison of joint strength between dissimilar lap joints fabricated with WC and
HSCo-steel tools.

S. # Lap Joints F mm/min Joint Strength (MPa) by WC Tool Joint Strength (MPa) by HSCo Tool

1 2219 Al-Cu 30.0 25.3 13.1
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Table 7. Cont.

S. # Lap Joints F mm/min Joint Strength (MPa) by WC Tool Joint Strength (MPa) by HSCo Tool

2 Cu-1060 Al 37.5 17.8

 

0.58

 

 Time (seconds)

Figure 9. Effect of tool material on temperature profiles during FSW of 2219 Al-Cu joints with
square-pin tools.

(a) (b) 

Figure 10. Scanning electron microscopy of 2219Al-Cu lap joint at F 30.0 mm/min using (a): WC tool,
(b) HSCo square- tool.

3.3. Effect of Plate Positioning in Dissimilar Al/Cu Lap Joints

To compare the soundness of lap joints with respect to the position of the plates, initial experiments
were performed keeping 2219 Al plate onto the Cu plate (1.65 mm). The joining was done using the WC
tool and a range of welding speed as listed in Table 8. Successful joining in this stacking configuration
was realized for the welding speed ranging from 23.5 mm/min to 37.5 mm/min (Figure 8 and Table 8).
On the other hand, the entire range of joints remained unsuccessful when the Cu plate was stacked
onto the Al plate (Table 9). In fact, the authors observed melting of the Al plate during welding as
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evidenced in Figure 11a,b. This observation points out that the Cu plate being very conductive radiated
heat into the Al plate, and the heat was sufficient to cause melting of Al.

Table 8. Experiments for fabricating 2219Al-Cu lap joint using WC square-pin tool (TD: 22 s).

Test No. S, rpm F, mm/min Remarks

1

1500

23.5 Successfully fabricated (Figure 8a)
2 30.0 Successfully fabricated (Figure 8a)
3 37.5 Successfully fabricated (Figure 8b,c)
4 47.5 Crack occurred (Figure 8c,d)
5 60.0 Cracks occurred (Figure 8d)

Table 9. Experiments for fabricating Cu -2219Al lap joint using WC square-pin (TD: 20 s).

Test No. S, rpm F, mm/min Remarks

1 1500 23.0 Cracks and bubbles occurred (Figure 11a)
2 1500 37.5 Cracks hole and bubbles occurred (Figure 11b)
3 1500 60.0 Cracks occurred (Figure 11a)
4 1500 75.0 Cracks and bubbles occurred (Figure 11a)
5 950 30.0 Cracks occurred (Figure 11c)
6 750 30.0 Cracks occurred (Figure 11c)
7 600 30.0 Cracks occurred (Figure 11d)

    

 

(a) (b) 

S 1500        1500       1500 

F 23.5        60.0 75.0 

S   1500     

F   37.5      

Bubble due to 

melting        

Crack & 

surface 

defects      

 
(c)  (d)  

S 750 

F 30.0 

S   600      

F   30.0     

S 950 

F 30.0 
Crack    

Crack    

Figure 11. Dissimilar Cu-2219 Al lap joints fabricated by WC square-tool.
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To reduce excessive heat generation, the rotational speed was decreased in steps from 1500 rpm to
600 rpm (Table 9). However, success could not be realized as the defects like cracks and holes occurred
as observable from Figure 11c,d.

3.4. Role of Heat Sink in 2219 Al-Cu Lap Joints

In order to avoid melting of the Al plate in the Cu-Al stacking configuration found earlier,
a number of trials were made with having the Cu plate as a sink under the Al plate. Two plates of Cu
with thickness of 1.65 mm and 3 mm were utilized. The welding speed was varied over a range as
listed in Table 10. The cracks and flakes of Cu were observed in many instances although the quality of
the weld joint was significantly improved in terms of bubbles formation and cracking in comparison to
the scenario(s) when no heat sink was used. The sound joint was achieved when thicker heat sink
(3 mm Cu plate) was placed and the joining was performed at the rotational speed of 1500 rpm and
welding speed of 30 mm/min as indicated in Table 10.

Table 10. Experiments to fabricate dissimilar Cu-2219 Al lap joint with WC square-tool using heat sink
(TD: 20 s).

S, 1500 rpm Heat sink F Remarks

Test No.

Cu 1
1 23.5 Cracks occurred (Figure 12a)
2 60.0 Surface defect and crack occurred (Figure 12a)
3 75.0 Small pore occurred (Figure 12b)

4

Cu 2
30.0 Successfully fabricated (Figure 12c)

5 37.5 Crack occurred (Figure 12c)
6 47.5 Pore occurred (Figure 12c)

Table 11 compares the effect of stacking sequence on the joint strength. It can be noticed that
the Al-Cu sequence offers around 4 times greater strength than the Cu-Al stacking. This happens
due to a fact that the peaks temperature in Al-Cu stacking is 220 ◦C and that in Cu-Al stacking is
160 ◦C (Figure 13), which promotes material mixing and defect-free joining. Further, the cooling rate in
the former case is higher that promotes the joint strength [27,28]. Moreover, Akbari et al. [14] have
reported that weaker compounds are formed when joining is done with the Cu-Al stacking sequence.
These, besides defects, impair the interfacial strength.

Table 11. Effect of plate position on the strength of lap joint.

S. # Lap Joints F, mm/min Joint Strength (MPa) by WC Tool

1 2219 Al-Cu 30.0

25.3

2 Cu-2219 Al 30.0

5.9
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Figure 12. Redesign of dissimilar Cu-2219 Al lap joints fabricated by WC square-tool and using heat
sink: (a,b) Cu 1 and (c) Cu 2.
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Figure 13. Temperature distribution curves of 2219 Al-Cu and Cu-2219 Al fabricated by WC at S 1500
rpm and F 30.0 mm/min.

4. Conclusions

In the present study, investigations were conducted in order to produce sound Al/Cu dissimilar
lap joints through friction stir welding. For this purpose, a number of process conditions including
tool-pin shape, tool material, stacking sequence, workpiece material, heat sink, rotational speed, and
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welding speed were altered. To know their soundness in terms of defects and strength, the joints were
subjected to microscopic and mechanical tests. The following important findings can be drawn from
the study:

1. The HSCo-steel tool with tapered-pin does not adequately mix the materials to realize a sound
joint. The successful joining is observed when the square-pin tool is employed.

2. The WC tool forms superior joints (in terms of defects and strength) than the HSCo-tool, attributing
to a reason that greater peak temperature is achieved with the former tool (say 250 ◦C vs. 150 ◦C in
case of 2219 Al-Cu joints). The former tool offers joint strength of 25 MPa in comparison to 13 MPa
offered by the HSCo-tool. Moreover, the WC tool exhibits greater life than the HSCo-Steel tool.

3. Stacking sequence is one of the key factors to have a successful Al/Cu lap joint. The joining is
realized only when the Al-Cu configuration is arranged. With an inverse arrangement (Cu-Al),
Al plate melts down. However, use of heat sink proves beneficial to radiate the heat and thus
for the successful joining in the Cu-Al stacking configuration. Additionally, sound joint in this
configuration is achieved with a particular set of conditions, i.e., heat sink: 3 mm thick Cu plate,
feed rate: 30 mm/min, speed: 1500 rpm, tilt angle: 2◦, tool: WC with square-pin.
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Abbreviations

S Rotational speed
rpm Revolution per minute
F Welding speed
mm/min Millimeters per minute
Cu Copper, Cu 1 thickness is 1.65 mm & Cu 2 thickness is 3 mm
Al-Cu Aluminum plate placed on the copper plate
Cu-Al Copper plate placed on the Al plate
Al/Cu Either aluminum on top of copper or vice versa
HSCo High-speed cobalt
WC Tungsten carbide
TD Dwell time
T (◦C) Temperature in centigrade
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Abstract: The Cu/Al dissimilar joint, welded by high-power ultrasonic welding technology,
is still facing challenges despite the significant research attention it has attracted. In this work,
the microstructure and mechanical properties of resistance heat-assisted high-power ultrasonic
welding of Cu/Al are investigated, in order to obtain high-quality joints. The intermetallic compound
(IMC) at the interface of hybrid welding is primarily composed of Al2Cu, and the additional resistance
of heat reduces the thickness of this brittle IMC layer. The average shear stress for the joint prepared
by hybrid welding is ~97 MPa, which is higher compared to the joint strength without resistance heat
(90 MPa). Moreover, the duration of the hybrid welding process is shorter. Finally, the fracture of the
hybrid weld is found to be a brittle–ductile hybrid mode.

Keywords: resistance heat-assisted ultrasonic welding; mechanical properties; fracture morphology;
intermetallic compounds; microstructure

1. Introduction

Ultrasonic welding can produce welds faster and with less material loss than other common
welding methods of dissimilar lap joints, such as laser welding (LW) [1,2] and friction stir welding
(FSW) [3,4]. It also requires lower energy input than resistance spot welding (RSW) [5]. These advantages
make this method suitable for welding dissimilar metals, such as copper and aluminum, which have
high thermal and electrical conductivity and are widely used in the aerospace industry and battery
packs [6,7]. Recently, the dissimilar copper and aluminum joint, welded by high-power ultrasonic
welding (HPUSW) technique, is becoming more attractive due to its ability to join thicker sheets [8].
However, a major challenge of this technique is the thick continuous intermetallic compound (IMC)
layer that is formed at the Cu/Al interface, which reduces the mechanical properties of the joint and
leads to poor welding quality [9,10]. This issue inhibits the wider commercialization of this technique.
Recently, interlayer metals, such as Al and Zn, were placed on the Cu/Al interface and were used to
enhance the ultrasonic welding quality of the joint [11,12]. However, the metallurgical reaction at the
specimen/interlayer interface is very complicated, making it difficult to understand the effects of the
interlayer on the mechanical properties of the joints [13]. In addition, during the ultrasonic metal
welding process, the metal interlayer will widen the heat-affected zone [14].

In order to improve the joint quality, several types of energy sources have been used to assist the
ultrasonic welding, such as laser beam and resistance heat. Dehelean et al. [15] carried out hybrid
ultrasonic-resistance welding of advanced materials and found that the resistance heat results in low
weld strength. In our previous work, resistance heat-assisted low-power ultrasonic welding was
proposed and it was found that the additional resistance heat can significantly increase the peak power
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of ultrasonic vibration and the welding strength [16]. Unfortunately, this welding method is only
suitable for joining thin sheets. The finite element method was used to study the influence of additional
resistance heat on the interface temperature and plastic deformation of the material, during ultrasonic
welding [17]. However, the mechanical properties and microstructure of joints prepared by resistance
heat-assisted high-power ultrasonic welding (RUSW) have not yet been reported. In this paper,
the mechanical properties and microstructure of Cu/Al joints prepared by RUSW are studied, in order
to obtain high welding quality.

2. The Principle of Hybrid Welding

The RUSW system includes a lateral-driven high-power ultrasonic welder and an inverter
resistance power supply. The current and ultrasound vibrations act on the workpiece simultaneously.
In RUSW, a high pressure creates sufficient contact between the upper and lower workpieces to ensure
electrical conductivity between them. The ultrasonic waves from the sonotrode pass through the upper
workpiece, causing local relative vibration at the upper/lower specimen interface and thus generating
friction. Resistance, friction, and plastic deformation heat cause the interface temperature to rise
rapidly, resulting in solid-state joining. Figure 1 shows the schematic diagram of the RUSW process.

Figure 1. The principle of resistance heat-assisted high-power ultrasonic welding (RUSW).

In RUSW, the generated heat QRUSW includes one part from ultrasonic vibration QUSW and another
part from electrical resistance QRSW, as described below:

QRUSW = QUSW + QRSW . (1)

Ultrasonic vibration energy QUSW, is converted into friction heat Qf and plastic deformation heat
Qq [18], as shown in Equation (2):

QUSW = Qf + Qq. (2)

QRSW can be expressed as:
QRSW = I2 ×Rtotal × t (3)

where I is the electrical current and t is the welding time. R is the total resistance providing thermal
input during the RUSW process. Total resistance R involves seven components, as shown in Figure 2,
and can be expressed as:

Rtotal = Rst + Rc1 + Rcu + Rc2 + RAl + Rc3 + Rav (4)

where Rst is the resistance of the sonotrode, RCu is the resistance of Cu plate, RAl is the resistance of
Al plate, Rav is the resistance of the anvil, Rc1 is the contact resistance between the sonotrode and the
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upper specimen, Rc2 is the contact resistance between the upper and the lower specimen, and Rc3 is
the contact resistance between the anvil and the lower specimen.

Figure 2. Schematic of the resistances in the RUSW system.

In RUSW, material softening arises from two sources: Ultrasonic softening and thermal
softening [19]. Thus, the material softening rate in the welding process can be expressed as [18]:

α = αus × αT = αus × σT

σT0

(5)

where, αus and αT are the ultrasonic softening rate and thermal softening rate, respectively. σT and σT0
are the yield stresses of material at temperature T and room temperature, respectively.

According to the above theory, the interaction between the ultrasonic vibration and the electrical
resistance can be described as follows: When the ultrasonic vibration is applied to the RSW, the intensity
of the material softening is increased, according to Equation (5). This benefits the breaking of the
metal oxide film and promotes the resistance heat. When the resistance heat acts on the ultrasonic
metal welding, it promotes the increase in interface temperature according to Equation (1), and thus
promotes the metallurgical reaction on the interface. These interactions may potentially increase the
weld strength of Cu/Al joints.

3. Experimental Details

The RUSW system included a lateral-driven, high-power ultrasonic welder (4.0 kW) and an
inverter resistance power supply (Figure 3a). The high-power ultrasonic welder used a lateral spot
welder (Telsonic M5000) with a vibration frequency of 20 kHz. A rectangular sonotrode tip with
dimensions of 7 mm × 5 mm was used in this study (Figure 3b). To avoid the occurrence of arcs and
marks on the Cu/Al interface, the shape of the sonotrode tooth was trapezoidal, instead of triangular.
A resistance spot welder with a maximum electrical current supply of 4000 A was used. A zero-to-peak
amplitude of 24 μm, current of 3900 A, clamping force of 1975 N and welding time of 0.2 s were selected
for the hybrid welding. The interval between each sonotrode tooth was 0.9 mm. In order to avoid
high current density occurring at the anvil/Al interface, the interval of the anvil tooth was 0.1 mm
larger than that of the sonotrode tooth. For the conventional HPUSW, the welding time was 0.5 s while
the clamping force was set to 1575–1975 N. The specimens were 6061-T6 aluminum alloy and pure
copper, cut into 100 × 25 × 0.8 mm3 pieces. The overlapping area of the specimens was 25 × 25 mm2.
In this work, prior to welding, the samples were ultrasonically cleaned with acetone to remove surface
contaminants. The ultrasonic vibration direction (VD) was perpendicular to the length direction of the
workpiece (Figure 3d).

The fracture surface morphology was observed by a JEOL JSM-7001F field emission gun scanning
electron microscope (FEG SEM) (Jeol, Tokyo, Japan), equipped with an energy-dispersive X-ray
spectrometer (EDS). X-ray diffraction (XRD) analysis was carried out using a PANalytical Empyrean
(Malvern PANalytical, Almelo, The Netherlands) diffractometer to identify the phases of IMC at the
welding interface. The XRD spectra were measured from 20◦ to 90◦, with a step size of 0.02◦ and
a scanning speed of 0.02 ◦/s. The tensile tests were performed using a Shimadzu AGS-X electronic
testing machine (SHIMADZU, Kyoto, Japan). Tensile-shear tests were carried out at a tensile speed of
1 mm/min. At least three samples were tested for each process condition. The mechanical strength of
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the joints was evaluated according to tensile-shear strength, which was calculated by dividing the
maximum tensile-shear force by the sonotrode area of 7 mm × 5 mm.

The temperature was measured using 0.1 mm K-type thermocouples, inserted through a semi-
circular groove of radius 0.5 mm on the aluminum sheet surface. Thermocouple tip was placed at
1.5 mm from the center of the Cu/Al interface. Figure 3c,d show a schematic of the tensile-shear and
thermocouple temperature measurement tests, respectively.

Figure 3. (a,b) The RUSW machine setup; (c) configuration of the tensile-shear, and (d) temperature
measurement tests setup.

4. Results and Discussion

4.1. Interface Temperature

Figure 4 shows the measured temperature as the current changes from 0 to 3900 A. The results
show that at the same welding time of 0.2 s, the measured peak temperature at the welding interface in
RUSW is 445 ◦C, which is significantly higher than the interface temperature of 301 ◦C in conventional
HPUSW. The peak temperatures with a current of 1300 A, 2600 A, and 3900 A at the welding time of 0.2 s
are 328 ◦C, 380 ◦C, and 445 ◦C, respectively. This means that the temperature rises at a high gradient as
the welding current increases, because the resistance heat QRSW has a quadratic relationship with
the electric current, according to Equation (3). The higher interface temperature benefits interfacial
diffusion, resulting in higher welding strength.
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Figure 4. Measured temperatures for various currents.

Figure 5 shows the values of the interface temperature during hybrid welding and conventional
HPUSW, at different welding moments. It is evident that the peak interface temperature in hybrid
welding is similar to that in conventional HPUSW under the same conditions (welding time of 0.4 s,
clamping force of 1975 N, welding time of 0.5 s, and welding pressure of 1575 N). This demonstrates
that the additional resistance heat can speed up the HPUSW process.

Figure 5. Measured temperature progress with welding time and pressure.

4.2. IMC Layer

During HPUSW of dissimilar joints, the thickness of the IMC layer determines the welding
quality [20,21]. Figure 6a,b show backscattered images of the RUSW joint at tw = 0.2 s, FN = 1975 N,
and HPUSW joint at tw = 0.5 s, FN = 1575 N, respectively. The thickness of the IMC layer in the
joints prepared by hybrid welding and single ultrasonic welding is 1.5 μm and 2.2 μm, respectively.
The interface temperature can be measured with good repeatability due to the proximity of the
thermocouple to the center of welding spot and stable vibration amplitudes obtained under the same
process parameters [22], which produces good repeatability in material vacancy concentration [23].
This results in good repeatability of the IMC thickness measurements. Although the interface
temperature of the hybrid welding is the same as that of the conventional HPUSW, the duration of the
hybrid welding is shorter, leading to a thinner IMC layer compared to the conventional HPUSW result.

The chemical composition of IMC in joints prepared by RUSW and conventional HPUSW was
analyzed using EDS point analysis, and the results are shown in Figure 6c,d, respectively. The chemical
composition at points A and B is 54.82 Al-45.12 Cu and 55.02 Al-44.98 Cu (by weight percentage
(wt%)), respectively. This result demonstrates that the chemical composition of the IMC layer, in both
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the hybrid and conventional HPUSW methods, is primarily brittle Al2Cu alloy, according to the
binary-phase diagram of Cu-Al [24]. In conclusion, the composition of the IMC layer is quite similar
for joints prepared by both hybrid and conventional welding methods. However, the IMC layer is
thinner in the hybrid welding approach due to the shorter duration of the welding process, producing
better quality results.

Figure 6. (a,b) Cu/Al interface in the RUSW and high-power ultrasonic welding (HPUSW) joints,
respectively; (c,d) EDS results for the lines intersecting the points indicated in (a,b).

X-ray diffraction analysis was performed on the Al side of the fracture surface to further evaluate
the phase composition of RUSW, as shown in Figure 7. The results show that the IMC formed during
hybrid welding is primarily composed of Al2Cu. Therefore, the XRD results are in agreement with the
EDS results.

Figure 7. XRD patterns of the fracture surface.
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4.3. Weld Cross-Section

The mechanical behavior was also affected by materials penetration. Figure 8a,b show the profiles
of the weld cross-section, for the hybrid welded joint at tw = 0.2 s and for conventional HPUSW joint at
tw = 0.4 s, under clamping force of 1975 N. The joint cross-section after hybrid welding has no obvious
defects, whereas, in a conventional HPUSW joint, cracks appear on the copper, just under the tip of
the sonotrode. This happens because the material is under high-stress concentration below the edge
of the sonotrode, due to the action of long-term ultrasonic waves. In addition, in the conventional
HPUSW joint, cracks propagate from the base metal to the welding interface under high-pressure
action, which reduces the area of the welding and allows the aluminum alloy to leak from the crack
and get attached to the sonotrode tip. This effect decreases the welding quality and may even cause
damage to the sonotrode [25].

Figure 8. Profile of weld cross-section (a) RUSW at 0.2 s, and (b) HPUSW at 0.4 s.

4.4. The Average Shear Stress

The experiments show that the average shear stress of the joint obtained with additional resistance
heat reaches 97 MPa and elongation extends to about 1.2% (Figure 9a). This value is significantly higher
compared to the joint prepared without resistance heat, under the same clamping force of 1975 N.
In our previous work, the average shear stress of the RUSW joint was also slightly higher than the
average shear stress of 90 MPa obtained in conventional HPUSW, at a pressure of 1575 N and welding
time of 0.5 s, which are the welding conditions that produce the highest strength in HPUSW of Cu/Al
joint [9]. This is attributed to the fact that the additional resistance heat can increase the interface
temperature (Figure 4), reduce the thickness of the brittle IMC layer (Figure 6), and avoid cracks at the
edges of the weld zone (Figure 8). The strength of the hybrid weld is also much higher than that of
RSW, because of the lower interface temperature in RSW. As the resistance of the steel sonotrode is
an order of magnitude higher than that of the workpieces, the resistance heat mainly occurs at the
sonotrode/Cu interface, rather than at the Cu/Al interface.

It is well known that the repeatability in welding dissimilar materials is poor [6]. The poor
repeatability could be related to the fact that IMC may not be uniformly distributed across the entire
weld interface (Figure 6a,b) [26]. Moreover, differences in IMC layer thickness may exist in different
regions of the weld. While there were issues with repeatability in this study, some general trends in
weld strength were observed. Figure 9b plots the weld tensile strength against the current. Although
there is a lot of scattering, the figure suggests that a high current can produce welds with increased
tensile strength. The duration of hybrid welding is shorter than that of conventional HPUSW technique,
and thus the period of ultrasonic excitation is shorter, reducing the risk of fatigue fracture [27].
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Figure 9. (a) The relationship between lap shear stress and strain; (b) the relationship between lap
shear stress and electric current.

4.5. Fracture Morphology

Figure 10a,b show the macroscopic fracture morphology of the Cu/Al joint made by RUSW at 0.2 s
and by conventional HPUSW at 0.4 s, under a clamping force of 1975 N on the Al side. Figure 10c is an
enlarged view of Figure 10a, showing the microscopic topography of the fracture. It is observed that
there are differences in fracture behavior. For the joint fabricated with RUSW, only welded regions are
observed in the fracture surface. This demonstrates that the fracture of the hybrid welding joint occurs
at the IMC of the Cu/Al interface, indicating high welding strength. In the case of a joint fabricated
with HPUSW, some welded regions and scratched regions exist in the fracture surface (Figure 10b).
There are two fracture models demonstrated in Figure 10c. From the enlarged view of the two regions
(Figure 10e,f) from Figure 10c, it is obvious that a large number of dimples of different sizes are present
in the c region, while there are some cleavage planes in the f region. These features indicate that the
fracture of the RUSW is ductile–brittle type.

Figure 10. Fracture surface (a) RUSW at 0.2 s; (b) HPUSW at 0.4 s; (c) enlarge view of (a); (d) region d
in (c); (e) enlarge view of (d); (f) region f in (c).

5. Conclusions

Dissimilar joints of pure copper and 6061-T6 alloys prepared by RUSW are investigated and
compared to those prepared by the conventional HPUSW method. It is found that the additional
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resistance heat promotes the increase in interface temperature and reduces the thickness of the brittle
IMC layer. The short duration of RUSW prevents the formation of cracks on the copper surface. As a
result, the mechanical properties of the joint prepared by hybrid welding are significantly improved.
Fracture surface morphology exhibits dimples and some cleavage planes, indicating a ductile–brittle
hybrid fracture in RUSW.
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Abstract: The double pulsed gas metal arc welding (DP-GMAW) process has been effectively
employed to realize joining of steel plates and obtain weld bead surfaces with high quality fish scale
ripples. In this work, a DP-GMAW process based on robot operation using the latest twinpulse XT
DP control technology was employed to join the stainless-steel base plates. Four key operational
parameters, which were robot welding speed, twin pulse frequency, twin pulse relation and twin
pulse current change in percent, were selected to be input elements of orthogonal experimental design,
which included nine experiments with three levels. To accurately understand the performance and
process of weld bead obtained from DP-GMAW operation based on robot operation, the appearance
observation and key shape parameters measurement, microstructure analysis, tensile and hardness
testing, as well as stability analysis of the electrical signals, were conducted. Correlation analysis
showed that the grain size was significantly correlative to the toughness and hardness. Then, to obtain
quantitative evaluation results, fuzzy comprehensive evaluation (FCE) was employed to provide
quality evaluation of weld beads from the above experiments. The influential levels of the key
operational parameters on the appearance, grain size and FCE scores, and corresponding physical
analyses, were respectively presented. In addition, optimal parameters combinations for obtaining
weld beads with optimal appearance, grain size, and the highest FCE scores of weld bead quality were
respectively provided according to the range analysis of the results from orthogonal experimental
design. This work can provide an effective analysis method of influential levels of key operational
parameters on the performance of the weld bead, optimal operational parameters combination
seeking method, and quantitative quality evaluation method for the DP-GMAW process, which can
improve the process optimization and increase the production efficiency, both in academic research
and actual industrial production.

Keywords: double-pulsed; robot operation; microstructure; fuzzy comprehensive evaluation;
orthogonal experimental design

1. Introduction

The double-pulsed gas metal arc welding (DP-GMAW) process is a mature arc welding operation
technology that is prevalently employed in modern industrial manufacturing occasions. Though this
process is designed based on the traditional pulsed-GMAW (P-GMAW), it has some significant
merits when compared to the P-GMAW, such as the DP-GMAW process can reduce the porosity
incidence [1] and improve the solidification cracking susceptibility [2]. Also, the process has better
gap bridging ability [3], and better ability to control the mode of droplet transfer than those of the
P-GMAW process [4]. This new technique is an effective variation of the traditional P-GMAW process,
in which the pulsing current aiming to metal transfer control is overlapped by a thermal pulsation [5],

Metals 2019, 9, 1009; doi:10.3390/met9091009 www.mdpi.com/journal/metals

53



Metals 2019, 9, 1009

which induces changes of temperature and stress of the welding pool [6]. Hence, it has been paid more
and more attention in academic research and actual industrial production areas in recent years.

The difference between P-GMAW and DP-GMAW processes is the current waveform. During the
DP-GMAW process, the current waveform is composed of a rhythmic thermal pulse phase (TPP) and
a thermal base phase (TBP) [7], which have different frequencies and amplitudes, and the sum of
durations of the two phases is equal to a thermal period (TP) [8]. Because of the existence of double
pulses, it was also been named the twin-pulsed GMAW process in some published literature. To assure
a stable welding process and obtain weld beads with high quality, researchers and scholars have
put a lot of efforts to change the waveforms. The original waveform was a usual types of square
waveforms where strong current and weak current were alternately appeared during the process.
Under the circumstance, arc quenching may appear when actual currents switch between TPP and
TBP, because the wire feeding equipment may not be able to catch up with the variation of the current
pulse with adequate speed due to the mechanical inertia [8]. To alleviate the sudden changes of the
current amplitude differences in these two phases, corresponding improvements have been revealed,
such as trapezoid waveform, or sinusoidal waveform [8,9]. By means of the changes, the changes of
the currents were replaced by gradual switches, which can improve the stability of the arc to achieve a
stable droplet transfer [10]. Apart from arc quenching, splashes, short-circuit or open-circuit of the
electrical system may frequently occur during the process if the parameters setting and matching are
improper. All of these phenomena should be carefully considered during system design and operation
in order to decrease the cost of production and improve the actual efficiency.

According to the principle of DP-GMAW, there are many parameters requiring proper setting
during the process, such as the thermal period and corresponding frequency, twin pulse current change
and duty cycles in two phases, and so on. Also, currently the welding robot has been employed more
and more in manufacturing, and the robot traveling speed is also an important parameter. Hence, this is
a typical multi-parameter system, and how to obtain an optimal operational parameters combination
for achieving satisfactory performance is a challenge work for all users. In practical application,
testing and justifying each parameter on the welding quality can cost so much and cannot be accepted
in the majority of occasions.

No matter which type of welding technology is employed, quality estimation or evaluation is
so important. For example, for resistance spot welding, the tensile-shear strength of the weld can be
used for evaluating the welding quality [11]. For pulsed GMAW products, which is the weld bead,
the quality involves more elements, such as crack, appearance, penetration, microstructure, and so
on [12]. In general, these different elements should be properly combined to yield one reliable quality
criterion. Nowadays, with developing computer technology, artificial intelligent (AI) technology has
demonstrated many achievements. In welding research area, AI technology has been also employed,
such as in quality estimation of resistance spot welding [11], or in optimal parameter prediction in
double-wire-pulsed metal inert gas (MIG) arc welding [13]. As for the quality evaluation of arc welding
products, many previous contributions have paid a lot attention to it. Casalino et al. [14] employed
neural networks to establish a relation between process parameters and geometry of the molten zone
of the welds, and then used a fuzzy C-means clustering algorithm to evaluate the quality. Wu et al. [15]
used a Kohonen network to monitor the welding process and evaluate the quality in a GMAW process.
The inputs were the probability density distribution (PDD) of the welding voltages and the class
frequency distribution (CFD) of short circuiting times, and the network can recognize and classify the
undisturbed and intentionally disturbed GMAW experiments. It can be noticed that the AI technology
can be proper in estimating the quality of weld bead and exert remarkable effects.

This work aimed to explore how to obtain an optimal parameters matching in order to obtain
the weld bead with satisfactory quality, while researching the influential levels of the key operational
parameters on the different performances of the weld beads. The DP-GMAW process involves
various input parameters, and the quality of weld bead also includes a lot of evaluation criteria.
To achieve preliminary goals, two main contents have been included in this work. The first was
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the optimal parameters machining. Among various operational parameters, few key operational
parameters were selected to do experiments. To achieve the desired effects and decrease experimental
complexity, orthogonal experimental design, which is an important experimental design method to
explore the system effects typically involving multiple factors and multiple levels [16], was employed.
This experimental design method can reduce the workload and involves corresponding methods of
analyzing the experimental results, so to yield more reliable conclusions [17].

After employing orthogonal experimental design to obtain weld beads using different operational
parameter combinations, an appropriate quality evaluation method can be used to estimate the
experimental results. Because the quality of weld bead involves various elements, the quality evaluation
method should also be a multi-input system. In addition, to clearly reflect the evaluation results, the
output is better when quantitatively presented. In this work, considering the characteristics of weld
beads and application of current AI technology, fuzzy comprehensive evaluation (FCE), which was an
effective evaluation method based on the fuzzy sets and fuzzy mathematics, was chosen to conduct the
quality evaluation for the weld beads. FCE was introduced in the 1960s, and has become an effective
multi-factor decision-making tool for comprehensive evaluations so far. During the actual application,
combining with the expert experiences, this method can make a full and comprehensive refection on
the evaluation criteria and the influence factors of fuzziness, and produces evaluation results closer to
the actual situation [18]. It has been used in a lot of different areas, such as in power policy making [19],
teaching and education performance evaluation [20], motion performance evaluation of autonomous
underwater vehicle [21], water resources carrying capacity [22], distinct heating system evaluation [23],
real estate investment risk research [24], quality assessment for compressed remote sensing images [25],
and other relative areas.

In this work, the DP-GMAW process based on an industrial robot operation was conducted,
the objective was seeking optimal operational parameters combination in order to obtain weld
bead with satisfactory quality, and obtaining the influential levels of different operational
parameters on the performances of the weld bead. During the process, according to principle
and operational characteristics of this process, some key operational parameters were selected to
design orthogonal experiments, and then the FCE method was employed to do quality evaluation
according to relative experimental results and obtained optimal operational parameters combinations.
Advanced experimental designing methods and quantitative quality evaluation methods were
effectively combined in this work, and the contribution can serve the current DP-GMAW process
improvement and parameter optimization.

2. Operational Characteristics of the DP-GMAW Process

The DP-GMAW process involves a lot of typical operational parameters. The current pulses
in TPP and TBP have different frequencies. The thermal period (TP) denotes the duration of two
phases. Another important operational parameter, twin pulse frequency (TPF), which is a reciprocal
of the TP, can describe the speed of current waveform adjustment between the two double pulses.
Also, the TPF can determine the number of fish scale ripples. It can be noticed that this process is a
low frequency modulation based on high frequency phases (TPP and TBP), in other words, the low
frequency current pulsation or the thermal pulse is superimposed on a pulsed current for active metal
transfer control and weld pool stirring [26]. During the process, TPF can reflect the varying speed
of the strong set and weak pulses set, and each set may include up to 10–20 high frequency pulses,
the maximum frequencies of the pulses may achieve is 100 Hz. Hence, in a general case, the value
of TPF is below 5 Hz. The welding currents were switched between two high frequencies with TPF
of the switch frequency. The frequency in TPP is higher than that in TBP, and the pulse set in TPP is
called a strong pulse set, which is signed as PulseS, and the pulse currents are switched between base
current Ibs and peak current Ips while the pulse set in TBP is called as weak pulse set, which is signed
as PulseW, the corresponding base current and peak current are respectively Ibw and Ipw. The durations
of TPP and TBP were, respectively, Ts and Tw. In addition, the proportion of the time of thermal pulse
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phase, which is Ts, in one thermal period TP, is called twin pulse relation, which can be mathematically
described in Equation (1):

DT = Ts/TP (1)

where this parameter is denoted as DT in this work.
The strong pulse set is to control the droplet transfer for obtaining enough welding penetration,

in a general case, one pulse corresponds to one droplet, while the function of the weak pulse set is
obtaining a series of regular pulses to stir the weld pool [27], and one TBP corresponds to one weld
pool. In addition, the average current in TPP is Iavs, while the average current in TBP is Iavw, and the
average current in one thermal period is marked as Iav. In general, the Iav is a preliminary arc welding
setting value during the process. Under this circumstance, the regular fish scale grain can form if all
the parameters are properly set. Figure 1 shows the schematic and main operational parameters of the
DP-GMAW process.

Figure 1. Schematic presentation of the double-pulsed gas metal arc welding (DP-GMAW) process.

In this figure, TP is the sum of Tw and Ts. Apart from the relations shown in the Figure 1,
twin pulse current change, whose value is half of the subtraction between mean value of currents
in TPP and TBP, is also an important parameter during the process because it can reflect the current
variation in between two phases. In this work, to clearly reflect the current adjustment, this parameter
can be described combining the Iav and in percent format as in the following equation:

IΔ =
Iavs − Iavw

2Iav
× 100% (2)

where IΔ is called twin pulse current change in percent. Moreover, the relations between IΔ, and Iavs as
well as Iavw, can be also be derived as follows:

{
Iavs = Iav × (1 + IΔ/100)
Iavw = Iav × (1− IΔ/100)

(3)

During the welding process, proper combination of the operational parameters of the pulse sets
in TPP and TBP, and other process parameters, are the utmost important for improving the welding
quality and obtaining weld bead with satisfactory fish scale ripples. During the traditional DP-GMAW
operation process, various relative operational parameters cannot be accurately adjusted and matched
one by one. In this work, the latest twinpulse XT DP control technology developed by the LORCH
Company was employed. This process has two significant features:
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1. The pulse frequency in TPP is so high, which can achieve 100 Hz, on the other hand, the pulse
frequency in TPB can also achieve 30 Hz, and both of these two pulse frequencies were higher
than those of traditional DP- GMAW process.

2. The peak current and base current in TPP and TPB are unchanged when the average current Iav in
one thermal period is unchanged. The process control can be conducted through only adjusting
average current Iav and the twin pulse relation DT, then the parameters about PulseW and
PulseS can correspondingly vary and need not to be adjusted, so that the number of operational
parameters during the process which are required to be adjusted can be significantly decreased.
Using this new control technology, the operational parameters of the arc welding process can be
more effectively set and matched.

According to the above introduction about the DP-GMAW process, it can be noticed that there
are various operational parameters included in the DP-GMAW process, and to obtain the weld bead
with satisfactory quality, all the operational parameters should be carefully and seriously considered.
Employing twinpulse XT DP control technology can decrease the setting complexity and improve the
control performance, because this new control technology can use a few key operational parameters
to control two waveforms, some important process parameters, such as peak current, base current,
frequency, duty cycle, peak current, base current, peak time, base time, did not individually set.
Therefore, realizing the proper control of energy delivery into the base plate was so convenient. Then in
the next section, corresponding experiments can be conducted to produce weld beads with different
qualities, and then the influential levels of different operational parameters on the selected performance
of weld bead can be seriously explored after combining selected quality evaluation method.

3. Experimental Design of the DP-GMAW Based on Robot Operation

3.1. Experimental Platform

In this work, corresponding experimental design had been conducted. The experimental platform
was composed of a FANUC Robot M-10IA industrial robot (FANUS Corporation, Oshino-mura,
Yamanashi Prefecture, Japan), a LORCH S-RobotMIG arc welding machine (Lorch Schweißtechnik
GmbH, Im Anwänder, Auenwald, Germany), a wire feeder machine, a welding torch and other
auxiliary equipment. During the experimental process, the industrial robot controlled the welding
speed, the current waveforms in TPP and TBP were controlled by the LORCH arc welding machine.
In addition, one self-designed robot welding multi-signals collection and analysis instrument, which was
based on the USB-6363 data acquisition card developed by NI (National Instruments) company (Austin,
TA, USA), can be utilized to synchronously collect and analyze the current, voltage, arc sound signals.
Figure 2 presented corresponding experimental instruments.

Figure 2. Experimental instruments and equipment.
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Where two cabinets were used in the experiment. The robot control cabinet was responsible for
the robot control operation, while the cooperative control cabinet was responsible for coordinately
controlling the DP-GMAW process and robot operation.

3.2. Experimental Conditions and Methods

3.2.1. Experimental Conditions

The experimental conditions used in this work was follows: the base plates are the stainless steel
304, whose tensile strength was 520 MPa, the diameter of the used welding wire was 1.2 mm, and the
material was stainless steel 316L. The shielding gas was composed of 98% pure argon and 2% CO2

(15 L/min flow), the length of wire extension was 12 mm, and flat surfacing welding was used. The size
of the base plate was 250 mm × 100 mm × 3 mm. The material characteristics of the base plate and the
welding wire was shown in Table 1.

Table 1. Material characteristics of the base plate and welding wire.

Materials C Si Mn Cr Ni S P N Mo

304 ≤0.08 ≤1 ≤2 18–20 8–10.5 ≤0.03 ≤0.03 ≤0.1 -
316L ≤0.03 ≤1 ≤2 16–18 10–14 ≤0.03 ≤0.045 - 2–3

To accurately reflect the effects of the different operational parameters on the welding quality,
the base plate should be carefully preprocessed: the surface has been processed by angle grinder to
eliminate the oxides, and then washed by special alcohol. After the surface of base plate was clear and
dry enough, the welding action can be taken.

3.2.2. The Design of Orthogonal Experiments

Orthogonal experimental design is a powerful tool to deal with the system with multiple
input parameters. The method can pick some typical parameters combinations from full possible
combinations to conduct the experiments. According to corresponding analyses for the experimental
results to comprehensively figure out the full experimental situation, and then obtain an optimal
parameters combination. This method can reduce the number of the experiments and instruct to seek
an optimal parameters combination for a special system.

To further explore the effects of some key operational parameters during the DP-GMAW process
on the quality or other performances of the weld bead, according to the principle and characteristics of
this welding process combined robot operation, four key operational parameters, which were robot
welding speed VR, twin pulse frequency TPF, twin pulse relation DT and twin pulse current change in
percent IΔ, were chosen to design orthogonal experiments. The average welding current Iav during the
process was set to 80 A, and the electrode inclination angle was 86◦ using backward inclination mode in
this work. After serious preliminary analyses and process experiments, the value ranges of some main
parameters can be confirmed during the ranges which the welding action can be normally conducted.
Each chosen operational parameter corresponded to three levels as shown in Table 2, and then a
detailed orthogonal experimental design, whose form was L9(34) with a four-element-three-level,
can be depicted as shown in Table 3.

Table 2. Parameters (elements) and levels.

Level VR (cm/min) TPF (Hz) DT (%) IΔ (%)

1 20 1 30% 30%
2 30 2 40% 40%
3 40 3 50% 50%
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Table 3. The program of the orthogonal experimental design.

Index VR (cm/min) TPF (Hz) DT (%) IΔ (%)

L1 20 1 30% 30%
L2 20 2 40% 40%
L3 20 3 50% 50%
L4 30 1 40% 50%
L5 30 2 50% 30%
L6 30 3 30% 40%
L7 40 1 50% 40%
L8 40 2 30% 50%
L9 40 3 40% 30%

Hence, to sufficiently explore the effects of different operational parameters on the quality or other
performances of weld bead, nine experiments with different effective parameters combinations should
be conducted.

3.2.3. Quality Evaluation of the Weld Bead

After orthogonal experimental design using chosen key operational parameters with different
levels, for different experimental results, an accurate quantitative quality evaluation should be
employed. In this work, the FCE method was introduced to quantitatively evaluate the quality of weld
bead. Because this evaluation method can provide quantitative evaluation results based on some input
conditions, and the quality of weld bead involves various different aspects including the appearance
and shape, microstructure, and process stability of electrical signals, hardness and tensile performance,
and so on, these quality criteria can be inputs of the FCE model using fuzzy mathematical algorithm,
and then quantitative scores can be obtained.

FCE used the principle of fuzzy logic to evaluate the targets. There were two important
procedures, the first was making evaluation using single element, while the second was making
comprehensive evaluation using all elements. The detailed evaluation steps are shown in many
published contributions [18,23,25]. In the next section, FCE can be employed in quantitatively
estimating the quality of weld bead after orthogonal experiments.

4. Experimental Results and Analyses

A series of corresponding experiments were conducted based on the orthogonal experiment design
as shown in Tables 2 and 3. Then, to deeply understand the welding quality, some relative measurement,
observation and testing, which included appearance, shape parameters measurement, microstructure
observation, tensile and harness testing, stability of electrical signals, can be sequentially conducted.

4.1. Appearance and Measurement of the Weld Beads

First, the macroscopic appearances, and cross-sections of weld beads of L1–L9 are shown in
Table 4. In the table, the photos of the cross-sections of the weld beads, which were obtained using a
microscopy with 20 times magnification, were provided. It can be observed that the overall appearance
of the weld bead of L1 was unsatisfied, the grains of the fish scale ripples were rough, and there were
some unfused parts appearing in the edge of the bead. The appearance of weld bead of L2 was still
unsatisfied, the widths and heights of the ripples were non-uniform, as well as the weld bead was
not straight and some curved bead existed. The bead of 2–5 cm was so thick, but the thickness in
7 cm was suddenly decreased, which meant that some sudden transitions occurred during the process.
In addition, arc pits appeared in terminate of the bead. The quality of weld bead of L3 was very low
and the appearance was irregular. Sudden transitions appeared in 10–15 cm, and serious splashes
occurred in 13 cm, also, the shape located in the terminate was seriously irregular. The weld bead
of L4 was regular and successive without any arc interruption or short-circuit occurring, however,
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the grain of the fish scale ripples was a bit rough and some unfused ripples appeared. The weld bead
of L5 has high quality, the bead was straight and regular, and both of the penetration and height were
reasonable. Moreover, compacted fish scale ripples are shown in the bead, and no obvious splash
appeared during the process. The weld bead of L6 was very thin and high, and fish scale ripples were
so obvious. However, the edge of the bead was irregular, and a few splashes occurred during the
process. The weld bead of L7 was successive, but some irregular humps in the bead can seriously affect
the mechanical performances. Both of the weld beads of L8 and L9 were regular, the overall shape
of the bead was thin and high, though some splashes occurred during the process. According to the
cross-sections of all the weld beads, the penetration of the weld beads in L1–L3 was so large that full
penetrations appeared, while the widths of bead were irregular with a bit large. The penetration of
weld bead of L4 was small, while the penetration of weld bead of L5 was 60% of the whole thickness of
the base plate, which showed the penetration was proper. In addition, the penetrations of weld beads
of L6, L8 and L9 were a bit small, while the penetration of weld bead of L7 can reach half of the whole
thickness of the base plate.

Table 4. The appearances and cross-sections of weld beads of L1–L9.

No
Weld Bead

Appearance Cross-Sections

L1

  

L2

  

L3

 

 
 

L4

 

L5  

 

L6

 
 

L7

  

L8

 

  

L9
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Furthermore, to further understand the morphology of the weld bead, detailed measurements for
the shape of the weld bead were also conducted. Relative key measurement parameters of the shape
can be seen in Figure 3.

B

H
h

Figure 3. Schematic of shape parameter measurement for a weld bead.

Where the key shape parameters included bead width B, bead height h, penetration H. Then for
the above nine weld beads, corresponding measurements were also conducted; the results are shown
in Table 5.

Table 5. Measurement of the weld bead (mm).

Weld Bead L1 L2 L3 L4 L5 L6 L7 L8 L9

h 2.16 2.335 2.54 1.955 2.065 2.13 1.595 1.995 2.1
H >3 >3 >3 1.16 1.58 1.09 1.33 0.98 1.17
B 8.7 9.26 9.8 6.75 6.78 4.76 6.56 5.16 4.11

Combined with Tables 4 and 5, it can be noticed that the bead height h of L1 was proper, while the
same item of L3 was relatively larger. However, the bead height of L3 was irregular with some heaves
appearing on the surface; in addition, the transition was also not smooth. Under this circumstance,
the stress may concentrate, which may deteriorate the load bearing capacity of the joints, and the
cracks may appear when special loads were applied, which can affect the appearance of the weld
bead. In addition, the penetration of weld beads of L1–L3 were so large, even full penetrations
appeared, and the values of the bead width were also large enough. According to the observation
of the cross-sections of these three beads, the forming situation was also not satisfactory. The bead
height and bead width of L4 and L5 were proper, however, the penetration H of weld bead of L4 was
small. The value of bead height h of weld bead of L6 was a bit larger, this was because both of the
penetration and the bead width were relatively small, which showed the thin and high weld bead as
shown in Table 4. The reason for this phenomenon was that the heat delivery was not sufficient during
the process. The weld bead of L7 was hump type bead, which had irregular bead height h, and the
stress may concentrate under this situation. The bead heights of L8 and L9 were proper, but the values
of penetrations were small. Especially for the weld bead of L9, the bead width B was very small, so the
overall bead appeared high and thin, therefore the forming situation was not well enough.

4.2. Materials Characteristic Performance Analyses of the Weld Beads

4.2.1. Analysis of Microstructure for the Weld Beads

The grain size is very important for the material characteristics, especially for the metals.
The influence of grain size on the materials characteristics actually resulted from the influence of
the grain boundary surface area. A smaller grain size denotes a bigger grain boundary surface area,
and larger influence on the materials characteristics. In general, smaller grain size means higher
strength and stiffness, as well as higher toughness and ductility for the metals in room temperature.
This is because a plastic deformation can occur in more grains when the grain sizes are smaller,
which can make the deformation more equal. Moreover, smaller grain size means more overall grain
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boundary surfaces, and boundaries are more complex, which can make the combination of different
grains may more compacted. Under this circumstance, the propagation and growth of the cracks may
be effectively prevented, which means that the metal has good strength and toughness.

To explore the materials characteristics, above nine weld beads can be observed by Phenom
pro-electron microscopy (Thermo Fisher Scientific Inc, Waltham, MA, USA), which has 2000
multiplication times. The observations can be seen in Figure 4. In addition, to clearly present
the grain sizes of the weld beads, the grain length was introduced to describe the grain size. In general,
smaller grain length meant smaller grain size. For these nine weld beads, the corresponding grain
length were 10.8, 10.38, 11.74, 9.64, 7.94, 9.00, 8.44, 6.53 and 6.75 μm from the weld beads from L1 to
L9. It can be noticed that all the microstructures were cellular grain structure. The grain sizes of the
weld bead of L1–L3 were larger, while the grain sizes of weld beads of L4–L6 were relatively smaller.
In addition, the grain size of weld bead of L4 was a little larger than that of L5 and L6, and the weld
beads of L7–L9 have the smallest grain sizes.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4. Microstructures of the weld bead observed by electron microscopy. (a) The weld bead of L1,
(b) the weld bead of L2, (c) the weld bead of L3, (d) the weld bead of L4, (e) the weld bead of L5, (f). the
weld bead of L6, (g) the weld bead of L7, (h) the weld bead of L8, (i) the weld bead of L9.
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4.2.2. Performance Testing for the Weld Beads

To comprehensively obtain the performances of the weld beads of L1–L9, key performance tests
can also be conducted in this work, in this part, tensile and hardness testing were carried out.

The first was the tensile testing, which was employed to test the axial toughness of the weld bead
at room temperature (20 ◦C). The instrument used the WA-600 hydraulic universal testing machine
(Yangzhou Jiangdu Open Source Test Machinery Factory, Yangzhou, China) to explore the toughness
of the weld beads. Two terminals of each weld bead were seriously processed in order to conveniently
hold, and then each specimen can be stretched to completely fracture. The species and experimental
results are shown in Figure 5.

It can be noticed that the species of L1–L8 were fractured at the base plate which located in
terminals of the weld beads, only for the weld bead of L9, the fracture occurred in the middle of the
weld bead, and this bead had the longest elongation. The elongation of each specimen is recorded in
Table 6.

Combining the observation and analysis results about microstructure of the weld beads in
preceding part, the results in Table 6 showed that the weld beads which had larger grain sizes had
stronger toughness, and as the grain sizes decreased, the toughness was weaker and weaker.

  
(a) (b) 

Figure 5. (a) Geometry of your tensile samples, (b) Tensile tests of the weld beads.

Table 6. Elongation of each specimen (mm).

Weld Bead L1 L2 L3 L4 L5 L6 L7 L8 L9

Elongation 12.51 10.12 12.07 16.55 14.17 14.51 17.01 19.16 28.44

Apart from the tensile testing, the hardness testing was also conducted. The measuring instrument
used the SCTMC HR-150DT electric Rockwell hardness tester (Shanghai Shangcai Testermachine CO.,
LTD, Shanghai, China) to test the harness for the weld bead. To accurately reflect the performance of
the weld bead, five testing points were selected from the cross-section of each weld bead to conduct
the hardness testing. The first testing point was in the center of the cross-section, and other four testing
points were evenly distributed. A Cartesian axis was used, the origin was the center, and the horizontal
axis was a line which went through the origin and parallel the surface of the base plate, while the
vertical axis was a line which also went through the origin and vertical to the horizontal axis. Then,
the four testing points were distributed in the four quadrants and the distance between the point and
the edge the bead was 1.5 mm, as shown in Figure 6, and the applied external force on each point was
980.7 N.
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312

4
5

Figure 6. Testing points in the weld bead during hardness testing.

Where the dotted lines were axes. Then both maximum and minimum values in the five output
values were rejected, and the final result was the mean value of the other three values for each specimen,
corresponding results for nine weld beads are shown in Table 7.

Table 7. Hardness test of weld beads.

Weld Bead L1 L2 L3 L4 L5 L6 L7 L8 L9

HRB 77 76.33 76.17 78.83 78.5 78 80.83 79.83 83

Where HRB is the abbreviation of Hardness Rockwell B, which is a commonly used criterion to
describe the hardness of the weld bead using stainless steel. According to the testing results, it can be
observed that each three tests formed one array, and there were three arrays in the experiments: the first
array was from L1 to L3, the second array corresponded to L4 to L6, while the last array referred to L7
to L9. The overall hardness was increasing from the first to the third array. The harness values from L1
to L3 were very small and the values were so approaching. The average value of the second array was
about 78.5, which was a little bigger than that of the first array. The third array had the biggest HRB
values, whose average value was about 80. The HRB of the base plate was 73, which denoted that the
hardness of these weld beads was higher than that of base plate. It can be concluded that the variation
characteristic of the hardness was approximately the same as that of grain size.

4.2.3. The Correlation Analysis

According to above analyses, it is noticed that the toughness and hardness of the weld beads were
relative to the grain size. To analyze the relations between grain size, and toughness as well as the
hardness, corresponding correlation analyses had been also conducted.

Firstly, the nine weld beads can be ranked according to their grain sizes as shown in Figure 4.
The weld bead with the smallest grain size can be marked as “Excellent”, while the weld bead with
the largest grain size was marked as “Poor”, the other weld beads can be considered as “Good” and
“Medium”. Also, because the ranking values, toughness and hardness values had different value
ranges, the normalized data processing must be conducted, in other words, the grain sizes, elongations
and HRB values in the tensile testing were processed in between 0 and 1. The final results can be seen
in Figure 7.
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Figure 7. The variation tendency of grain size, toughness and hardness.

The vertical axis was the normalized parameter value whose range was between 0 and 1,
the horizontal axis denoted the weld bead of L1–L9. It can be seen that the toughness, hardness and
grain size of the weld beads had the approximately the same variation tendency.

Then, the correlation coefficients of above relation can also be calculated following the Equation (4),
and the larger value of correlation coefficient denotes a greater degree of correlation.

r(X, Y) =
Cov(X, Y)√

Var[X]Var[Y]
(4)

where r(X,Y) referred to the correlation between X and Y, Cov(X,Y) denoted that the Covariance of X
and Y, and Var[X] and Var[Y], respectively, referred the variances of X and Y. The correlation coefficient
between the ranking by grain sizes and the elongations of weld bead in the tensile test was calculated
to be 77.56%, and the corresponding values between the ranking by grain sizes and hardness values
was 84.35%, which can be considered as significant correlation. It can be concluded that a smaller grain
size meant better toughness and higher hardness. Hence, in the following multi-parameter analysis,
only considering the grain size should be enough.

4.3. Stability Analysis of the Electrical Signal

In this work, a one self-designed multiple-sensor-signal fusion system was employed to online
collect the welding voltage and current signals. Using collected signals, the stability analysis of the
welding current, which was closely relative to the stability of welding process and quality of weld bead,
was conducted. After sampling all of nine welding current signals, three current signals corresponding
to different stabilities, which were L3, L5 and L7 according to above analyses, were selected to make
detailed stability analyses, corresponding results are shown in Figures 8–10. Figure 8 shows the
transient welding current waveform and corresponding possibility density function (PDF) results of
welding current of L3. The PDF of the welding current, together with the transient welding current,
were commonly employed methods to evaluate the stability of welding process [28,29]. As shown in
Figure 8a, the larger values of welding current appeared in 37.7–37.8 s and 38–38.5 s; the values were
above 350 A; this was because the welding currents were unstable, which can induce the metal transfer
non-uniform, and short-circuits occurred so that the transient welding currents sharply increased.
While in Figure 8b, two convex peaks appeared at 17 A and 36 A; this was because the base current in
TBP and TPP were respectively 17 A and 36 A. another convex peak appeared at 316 A, which was
the peak value of the pulse current. However, there are some current possibility densities distributed
beyond 316 A; this was because the welding current was unstable, and big volume metal transfer may
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occur, which can also induce short-circuits and make the welding current sharply increase; this was why
the welding current can be distributed from 316–400 A. Also, the welding current can be distributed
from 0 to 17 A, the 0 A of the welding current denoted the open-circuit occurring. The appearance of
short-circuit and open-circuit showed that the welding current was unstable.
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Figure 8. Welding current in L3 experiment, (a) Transient welding current waveform, (b) Possibility
density function (PDF) of the welding current.

Corresponding figures of L5 are shown in Figure 9. The signal in Figure 9a was so regular, which
denoted that the process had no short-circuit or open circuit. While in Figure 9b, the possibility density
distributions were concentrative on three convex peaks, which corresponded to 21, 32 and 316 A.
These three current values were the base currents and peak currents in TPP and TBP. The variation
of possibility density distribution curve had large slopes, which meant the current sharply changed.
In addition, there was no current distributed in 0 A and beyond 316 A, which also demonstrated that
no short-circuit or open circuit occured, and the currents were smoothly switched between bases and
peak values.
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Figure 9. Welding current in L5 experiment, (a) Transient welding current waveform, (b) PDF of the
welding current.

Figure 10 shows the corresponding analyses results of L7. The signals in Figure 10a were regular,
which denoted that no short-circuit and open circuit occurring. While in Figure 10b, the current
possibility density distribution concentrated on three convex peaks, which were 19, 35 and 316 A
corresponding to the base currents and peak current in TPP and TBP. However, the slopes of variation
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curve were smaller than that in Figure 9b. In addition, there were small flat slopes at 19 A and 35
A, which showed that the current cannot be stable in these setting values. Moreover, the current
possibility density increased from 175 to 316 A, the amplitude was about 0.001%, which meant the
current had a small variation over this range.
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Figure 10. Welding current in L7 experiment, (a) transient welding current waveform, (b) PDF of the
welding current.

According to detailed analyses and comparisons of Figures 8–10, it can be noticed that the welding
current in Figure 8 was the most unstable, whose stability can be ranked as “Poor”. The welding
current in Figure 9 had the highest stability and can be ranked as “Excellent”. The stability of welding
current in Figure 10 was a little worse than that of Figure 9, and can be ranked as “Good”. The stability
of the welding currents in between that of Figure 8 and that of Figure 10 can be ranked as “Medium”.
In addition, in the above three experiments, it can be noticed that the peak values of the current pulses
were the same, both in different experiments and in two current pulse sets, but the base values were
different in different experiments and different current pulse sets. It was because the base values can
be determined by the twin pulse frequency TPF and twin pulse current change, which were different
in the above experiments.

4.4. Quality Evaluation of Weld Bead Using FCE

4.4.1. Evaluation Procedures

In this work, to employ the FCE method to evaluate the quality of weld bead, some steps were
taken as follows.

Step1: Confirm the evaluation indexes elements set U for this work.
The most intuitive evaluation method for the weld bead is the appearance. In general, experienced

welders can justify whether the process operational parameters are proper or not according to the
appearance of the weld bead, and then make corresponding optimizations. Hence, the appearance
was an important evaluation index element. In addition, the grain structure and size can determine
the microstructure properties of the weld bead, therefore, the grain size was also an important index
element. Moreover, some abnormal phenomena, such as short-circuiting, arc interruption and splashes,
can induce the instability of the electrical signals, so the stability of the electrical signals can also be
helpful for evaluating the quality of weld bead. Furthermore, the key shape measurement parameters of
the weld bead were bead width, bead height and penetration. The bead height and penetration should
follow a certain relation, hence, a new variable, which was bead height coefficient, was introduced
to assist the evaluation, the bead height coefficient can be derived using a quotient between bead
width and bead height (B/h). Also, the penetration and bead width should be individual evaluation
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index elements. Hence, a comprehensive evaluation index element set can be confirmed as shown in
Equation (5):

U = {Appearance, grain size, stability of electrical signal, bead height coefficient,
penetration, bead width}

(5)

Step2: Establish the evaluation indexes weights set W.
Considering the different levels of importance of above confirmed evaluation index elements,

after consulting experienced experts and examined relative materials, corresponding weights set was
shown in Equation (6):

W = {0.3, 0.3, 0.2, 0.06, 0.07, 0.07} (6)

Step3: Establish the evaluation results set V.
According to the experience of welding researches, hierarchy was used in this work, the quality

evaluation of the weld bead can be divided into four grades, which are shown in Equation (7).

V = {Excellent, Good, Medium, Poor} (7)

To provide accurate qualitative evaluation results, the four grades can correspond to mathematical
values, as shown in Table 8.

Table 8. Mapping from grades to mathematical values.

Grade Excellent Good Medium Poor

Value 100 85 70 50

In addition, the fuzzy operator used in this work was M (·,+) [21].

4.4.2. The Foundation and Evaluation Results of FCE

The foundation of quality evaluation for weld bead in this work can be seen in:

1. Weld bead had regular and a beautiful straight appearance, the fish scale ripple was compact, and
no other obvious drawbacks, which can denoted that the weld bead had excellent appearance.
According to the experimental observations, the appearance can be divided into four grades.

2. Smaller grain sizes denoted high quality of the weld bead, which can be also divided into four
grades based on grain size.

3. Other four grades can also be divided according to the stability analyses of electrical signals,
which included stability analyses of transient welding current and possibility density distribution.

4. The bead height coefficient whose value approached 4 denoted that the weld bead had high
quality, while a proper penetration was that the value was beyond a half and approached 60% of
the width of the base plate. At last, the bead width of the weld bead with high quality should be
the width of base plate adding 3–4 mm. About these three criteria, four grades were divided for
each criterion during the evaluation.

Hence, all of these five evaluation index elements should be divided into four grades, which used
the division described in Equation (7) as shown in Step 4. Then using FCE algorithm, quantitative
evaluation scores can be obtained. Corresponding evaluation for each criterion and final quantitative
evaluation scores can be seen in Table 9.
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Table 9. Evaluation results of FCE.

Index Appearance Grain Size
Stability of

Electrical Signal
Bead Height
Coefficient

Penetration
Bead

Width
Scores

L1 Medium Poor Poor Excellent Poor Medium 60.4
L2 Medium Poor Poor Good Poor Medium 59.5
L3 Poor Poor Poor Good Poor Medium 53.5
L4 Medium Medium Medium Good Good Excellent 74.05
L5 Excellent Good Excellent Good Excellent Excellent 94.6
L6 Good Good Medium Medium Medium Poor 77.6
L7 Poor Good Good Excellent Good Excellent 76.45
L8 Medium Excellent Good Medium Medium Good 83.05
L9 Medium Excellent Good Poor Medium Poor 79.4

As shown in Table 9, not only the individual evaluate criterion for weld bead was provided,
but also the overall quality of weld bead can also be qualitatively presented, these results can also be
used in the orthogonal experimental analyses in the following part.

4.5. Experimental Analyses

After obtaining the quality evaluation using FCE, which comprehensively considered various
elements to accurately obtain the detailed analyses about how the process operational parameters
affected the various elements which were important for the quality evolution of the weld bead,
the orthogonal experimental analyses method was used in this work.

4.5.1. The Influence Analysis of Appearance on the Weld Bead

The first analysis target was the appearance, and the analysis was based on evaluation results
in Table 9 and mapping between grades and mathematical values shown in Table 8. The analyses
parameters selected the four key operational parameters, which were robot welding speed VR,
twin pulse frequency TPF, twin pulse relation DT and twin pulse current change in percent IΔ.
Each parameter had three different levels. For each parameter in each level, the corresponding Scoreavg

can be calculated following Equation (8):

Scoreavg(i, j) =

3∑
k=1

Score(i, j, k)

3
(8)

where i was the sequence of the operational parameter, i = 1, 2, 3 and 4, and j was the sequence of
the level, j = 1, 2 and 3. For each parameter with one level, there were 3 scores in the experiment,
these different scores were marked as k. The values of i, j and k were different under different situations.
The value of Score can be obtained combing Tables 8 and 9. Then, the influence analysis of four
operational parameters on appearance is shown in Table 10.

Table 10. Influence analysis of four operational parameters on appearance.

Level
Scoreavg

VR TPF DT IΔ

1 63.333 70 75 80
2 85 80 70 75
3 70 68.333 73.333 63.333

Range value D 21.667 11.667 5 16.667

Where the range value D can be calculated based on Equation (9):

D(i) = max3
j=1(scoreavg(i, j)) −min3

j=1(scoreavg(i, j)) (9)
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where the meanings of i and j were the same as those in Equation (8). It can be seen that the robot
welding speed is the most influential factor on the appearance; the corresponding range value was
21.667, and the following influential factors were twin pulse current change in percent, twin pulse
frequency and twin pulse relation. Hence, to obtain satisfactory appearance of weld bead, a proper
combination of the robot welding speed and twin pulse current change in percent was very important.
It was because the robot welding speed and twin pulse current change in percent can determine the
amount of energy delivery into the base plate in one-unit length, and this energy delivery was a key
factor which can determine the final appearance.

According to above analyses results, to obtain the weld bead with optimal appearance, the optimal
level for VR should be Level2, the optimal level for TPF should be Level2, the optimal level for DT
should be Level1, and the optimal level for IΔ should be Level1. Those corresponding values were
respectively 30 cm/min, 2 Hz, 30% and 30%. Using these optimal parameters, an experiment was
conducted and the result can be seen in Figure 11. It can be seen that the weld bead was straight and
regular, and the fish scale ripples were so compact. The bead width and bead height were also proper,
and the forming was satisfactory, which was the same as that in former analyses.

 

Figure 11. The appearance of the weld bead using optimal parameters combination.

4.5.2. The Influence Analysis of Grain Size on the Weld Bead

Grain size is another important element affecting the quality of weld bead, corresponding analyses
are shown in Table 11, based on the same calculation methods as that in the preceding part. It can
be seen that the robot welding speed was still the most influential factor to determine the grain size.
Higher robot welding speed denoted smaller grain size. When the robot welding speed was 40 cm/min,
which corresponded to Level3 in the robot welding speed, the smallest grain size was obtained. It may
be due to two reasons. The first was that when high robot welding speed was employed, the weld
bead could be fast cooling, which induces the number of grains increasing and the size being reduced.
The second reason was that the weld pool was stirred because a series of regular pulses with high
and low frequencies were alternatively used during the DP-GMAW operational process, and then a
high robot welding speed denoted more frequent stirring in the weld pool, which could deliver more
extern energy into the liquid metal and energy fluctuations were more severe, which can also make
the grain size smaller. Hence, to obtain a satisfactory microstructure of weld bead, the robot welding
speed should be properly increased.

Table 11. Orthogonal analyses of the grain size of the weld bead.

Level
Scoreavg

VR TPF DT IΔ

1 50 68.333 78.333 78.333
2 80 78.333 73.333 73.333
3 95 78.333 73.333 73.333

Range value D 45 10 5 5

According to above analyses results, to obtain the weld bead with the most proper grain
size, the optimal level for VR should be Level3, the optimal level for TPF should be Level2 or
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Level3, the optimal level for DT should be Level1, and the optimal level for IΔ should be Level1.
Those corresponding values were, respectively, 40 cm/min, 2 Hz or 1 Hz, 30% and 30%.

4.5.3. Orthogonal Experiment Analysis for the Results of FCE

Apart from the appearance and grain size, which were important elements used in FCE, the results
of the FCE method can also be analyzed using orthogonal experiment analysis, in order to obtain the
influential levels of key operational parameters on the quality of weld bead. The analysis method was
the same as in the above two analyses about appearance and grain size, however, all of the Scores used
the accurate score of FCE in Table 9 and the parameters referred to the Table 3. The corresponding
analyses results can be seen in Table 12. It can be seen that the effects of different parameters on the
quality of weld bead were so obvious. The most influential factor was the robot welding speed of
the welding robot and a corresponding range value achieved 24.283, and then the following factors
were twin pulse frequency and twin pulse current change in percent, while the last was the twin
pulse relation, whose influential effect was very low. It was because the robot welding speed can
influence the heat delivery for weld bead and cooling rate of the weld pool. To obtain a weld bead
with satisfactory quality, the system must provide a proper combination of robot welding speed and
twin pulse frequency, which should appropriately match the average welding current and thickness of
the base plate.

Table 12. Orthogonal analyses of FCE scores of the weld bead.

Level
Scoreavg

VR TPF DT IΔ

1 57.8 70.3 73.683 78.133
2 82.083 79.05 70.983 71.183
3 79.633 70.167 74.85 70.2

Range value D 24.283 8.883 3.867 7.933

According to the range analysis results, the optimal parameter combination in these nine
experiments can be obtained as follows: robot welding speed was 30 cm/min of Level2, the twin pulse
frequency was 2 Hz of Level2, the twin pulse relation was 50% of Level3, and the twin pulse current
change in percent was 30% of Level1. These parameter combinations can correspond to the L5 in the
above experiments. Also, another testifying experiment was conducted to repeat testify this parameter
combination. The obtained weld bead is shown in Figure 12.

 

Figure 12. The morphology of the weld bead using optimal parameters combination.

It can be seen that the weld bead was regular with proper bead width. The appearance was bright
with compact and smooth fish scale ripples. Also, the welding process was stable without short-circuit
and interruption occurring. All of these characteristics meant that the weld bead with satisfactory
quality can be obtained using this operational parameter combination.
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5. Conclusions

In this work, the DP-GMAW process based on robot operation for stainless steel 304 was seriously
considered; all of the operational procedures could be successfully accomplished, and stable welding
processes and weld beads with satisfactory quality could be obtained. After introducing the principle
and operational characteristics about this process, orthogonal experimental design based on four
key operational parameters and corresponding performance testing, which included the appearance
observation and key shape parameters measurement, microstructure analysis, tensile and hardness
testing, as well as stability analysis of the electrical signals, were conducted. Then, the FCE method was
employed to provide quantitative quality evaluation for the weld bead. According to the combined
orthogonal experimental analyses about the appearance, grain size and FCE scores of quality of weld
bead, an optimal operational parameter combination for each condition can be obtained. Based on
these serious explorations, some important conclusions can be drawn:

1. The FCE method was employed in this work to evaluate the quality of weld bead, and during the
evaluating process, the appearance, microstructure and key shape parameters measurement were
comprehensively considered. This evaluating method can be helpful for realizing the quantitative
evaluation for a weld bead.

2. The appearance of the weld can be mainly determined by robot welding speed and twin pulse
current change in percent. The proper combination of these two operational parameters can
achieve appropriate heat delivery into the weld bead in one-unit length, and then obtain a good
appearance. In addition, the grain size was mainly determined by robot welding speed based
on robot operation. Higher robot welding speed denoted the weld bead with smaller grain size,
better toughness and hardness can be obtained with other operational parameters unchanged.

3. According to the orthogonal experimental analysis for the FCE scores of quality of weld bead,
the most influential factor on the welding quality was the robot welding speed VR, the following
were twin pulse frequency TPF and twin pulse current change in percent IΔ, and the last was
the twin pulse relation DT. In the experiments in this work, the optimum process parameters
were that the VR was 30 cm/min, the TPF was 2 Hz, the DT was 50% and the IΔ was 30%,
which corresponded to the L5 in the experiments. Under this circumstance, the appearance was
beautiful, and the obvious and bright fish scale ripples were obtained; in addition, the grain sizes
were small enough, and the microstructure property was also satisfied when compared to that of
other experiments.

This work can provide effective methods for analyzing the influential levels of key operational
parameters on one or more performances of the weld, and then obtaining a corresponding optimal
parameter combination. The work can improve the process parameter optimization and operational
performance in the academic research or actual industrial production. In the future, corresponding
works will probably continue to be applied in welding base plates of other materials, or other
multi-parameter welding systems, and the influential levels of other operational parameters on the
quality of weld bead will be further considered.
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Abstract: In order to study internal relation among the behavior of the weld pool, the microstructure
of weld bead and the waveform of short-circuiting gas metal arc welding (S-GMAW), a high speed
photograph-images analysis system was formed to extract characteristics of weld pool behavior. Three
representative waveform control methods were used to provide partly and fully penetrated weld
pools and beads. It was found that the behavior of the weld pool was related to the instantaneous
power density of the liquid bridge at the break-up time. Weld pool oscillation was triggered by the
explosion of the liquid bridge, the natural oscillation frequencies were derived by the continuous
wavelet transform. The change of weld pool state caused the transition of oscillation mode, and it led
to different nature oscillation frequencies between partial and full penetration. Slags flow pattern
could be an indication of the weld pool flow. Compared with the scattered slags on fully penetrated
weld pool, slag particles accumulated on partially penetrated weld pools. The oscillating promoted
the convection of the welding pool and resulted in larger melting width and depth, the grain size,
and the content of pro-eutectoid ferrite in the weld microstructure of S235JR increased, the content of
acicular ferrite decreased.

Keywords: short-circuiting gas metal arc welding; waveform control method; weld pool oscillation
and flow; microstructure; high speed photograph; image processing; continuous wavelet transform

1. Introduction

Short circuit gas metal arc welding (S-GMAW) has various advantages such as low heat input,
small heating area, and high thermal stability. Benefiting from advances in digital control technology,
the power sources can control the voltage and current and output specific shapes of the arc curve which
aim to handle the molten material transfer and control the spatter. Kah [1] proposed a classification of
control techniques for S-GMAW: Natural metal transfer, current controlled dip transfer, and controlled
wire feed short circuit mode. On account of the controlled wire feed short circuit mode represented by
cold metal transfer welding (CMT) introducing external mechanical forces on the wire it will not be
discussed here. Different shapes of the current and voltage waveform change the droplet transition,
which leads to the different weld pool behavior, weld shape and microstructure.

Currently, there are a variety of S-GMAW waveform control methods on the market, which can be
divided into two types. The first method is represented by Surface Tension Transfer (STT) [2] and Cold
Arc process [3]. This type of methods reduces the circuit current at the beginning and end of the short
circuit period to permit a smooth touch and break of the bridge of the molten metal, preventing spatter.
The other type is represented by Cold MIG (Metal-Inert Gas Welding) process [1] and Low Spatter
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Control (LSC) [4]. In this type of methods, considerable increase of the current gradient to accelerate
the droplet detachment during the short-circuit period meanwhile the short circuit period, dramatically
reduces the short-circuit period. The current in this period is reduced and occurs faster compared to a
conventional short arc. However, the welding circuit of this process maintains partial current when
the bridge breaks compared with the first type processes. Figure 1 compares the waveform of the
conventional, the Cold Arc, and the LSC.

 
Figure 1. Comparison of (a) conventional, (b) Cold Arc, and (c) Low Spatter Control (LSC) waveform.

The behavior of weld pool is a direct reaction of weld pool state, the dynamic variation of weld
pool has a great influence on the weld bead shape and microstructure. Weld pool behavior may
contain sufficient information to understand the mechanisms of welding bead formation and control
the stability of welding process [5–7], so it is of great significance to study the weld pool behavior of
S-GMAW using different waveforms.

Many researchers have studied the weld pool behaviors in recent years. In gas tungsten arc
welding (GTAW), for acquiring the amplitude and oscillation frequency of the weld pool, Yu Shi et al. [8]
used line laser to illuminate the surface of weld pool. It is found that the oscillation frequency and
amplitude of GTAW pool change abruptly in the process of partial penetration to full penetration.
Liu [9] investigated the pulse frequency on fluid flow behavior of the weld pool in pulsed current GTAW.
The result showed that weld pool oscillations triggered by pulse current lead to more heterogeneous
nucleation sites, and the resonance between the movement of the weld pool and pulse current frequency
greatly promotes grain refinement.

Compared with GTAW, there are complex interactions among arc plasma, droplet transfer, and
pool behavior in GMAW. Richardson et al. [10] found that current pulses could not be used to trigger
weld pool oscillation effectively for GMAW, the interactions between the transferred droplets and
the weld pool can trigger the weld pool into oscillation. Tang et al. [11] developed a filter-reflection
observation system to acquire the weld pool profile during double-pulsed gas metal arc welding
process. It was found that the weld pool oscillation caused by low frequency pulse can effectively
reduce the porosity and refine the weld structure.

To date, most investigations of weld pool behavior mainly focuses on GTAW and pulsed GMAW
processes. However, no much research has been done in the area of weld pool characteristics with
different S-GMAW waveform control methods. In this paper, a high speed photograph-images analysis
system for weld pool observation was formed to capture the dynamic behavior of S-GMAW weld pool
with the aim to reveal the internal relationship among the S-GMAW current waveform, the behavior of
weld pool, the geometry of weld bead, and the microstructure.
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2. Materials and Methods

2.1. Experimental System

The experimental system consisted of welding system, high-speed photography system, and
welding electrical signal synchronous acquisition system, as shown in Figure 2.

 
Figure 2. Schematic of high-speed photography system for weld pool observation.

EWM Phoenix 521 (EWM Hightec Welding GmbH, Mundersbach, Germany), EWM Cold Arc
(EWM Hightec Welding GmbH, Mundersbach, Germany), and Fronius TPS5000 (FRONIUS, Pettenbach,
Austria) were selected as power sources of welding system to provide needed waveforms. The welding
position was PA(Flat position, as per ISO 6947). The movement of the workbench was controlled
by servo motor. Current sensor, voltage sensor and signal acquisition card constituted the welding
electrical signal synchronous acquisition system. Acquisition frequency of signal acquisition card is
1.5 × 106 Hz. The high-speed photography system was used to recorded the behavior of the weld pool.

In order to capture the side-view of welding pool during the welding process, the high speed
photography camera was at position one of Figure 2, which is on the same horizontal plane as
the welding test plate. Dynamic information about the weld pool oscillation from the high speed
photography pictures was obtained by tracing the pool surface as a function of time. The shooting
angle is perpendicular to the welding seam in the same plane. A light-emitting-diode (LED) was used
as its excitation light source at position one, whose wave length was 850 nm, and continual output
was 3 W. A laser source 850 nm near infrared filter was used to filter out strong arc during welding
process. Acquisition frequency of position one is 10,000 Hz. The shooting picture is shown in Figure 3a.
Positions of the camera and backlight source need to be changed to capture the contour and the flow
behavior of the weld pool surface, as shown in position two of Figure 2. Different narrow-band filters
were selected to obtain different information of the weld pool surface which have different spectral
characteristics. The high speed camera was equipped with 850 nm near infrared filter to obtain the
contour information of the weld pool with the laser shined by the same type laser source mentioned
above at position two, as shown in Figure 3b. 650 nm near infrared filter was installed to obtain metal
flow information of the weld pool with no laser shined, as shown in Figure 3c. Acquisition frequency
of position two of Figure 2 was 2000 Hz. During video capturing, the camera was placed at an angle
deviation of about 0–5◦. In the analysis, the effect of these angles was not taken into account. However,
based on the geometry employed, it is estimated that average errors are of the order of 1.5%.
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Figure 3. Pictures captured for different condition: (a) side-view shooting picture; (b) overhead
shooting effect (850 nm near infrared filter was added); and (c) overhead shooting effect (650 nm near
infrared filter was added).

2.2. Materials and Welding Parameters

In order to acquire both partly and fully penetrated weld pools under the same welding parameters,
2 mm and 4 mm of size 150 mm by 150 mm S235JR (1.0038) steel plate were selected as the base
material, the weld bead was located in the middle of the plate. The length of the weld bead was
120 mm. The filler wire of ER70S-6 (G42) mild steel with a diameter of 1.2 mm was used for welding.
The chemical composition of the base material and filler wire are given in Table 1. A mixture of 82%
Ar + 18% CO2 was used as a shielding gas, with a flow rate of 15 L/min. The travel speed was kept
constant at 22 cm/min. The contact tip to workpiece distance (CTWD) was 20 mm. Welding conditions
were selected that give an almost constant arc length, with an average voltage of approximately 20 V.
The joint type was bead-on-plate. Welding parameters are listed in Table 2.

Table 1. Chemical compositions (in wt%) of base metal and filler wire (Fe balance).

Materials C Mn Si P S Ni Cr Mo V Other

S235JR 0.17 1.40 0.3 0.035 0.035 - - - - N 0.012
ER70S-6 0.06–0.15 1.40–1.85 0.80–1.15 0.025 0.035 0.15 0.15 0.15 0.03 Cu 0.5

Table 2. Welding parameters.

No. Waveform Wire Feed Rate (m/min) Voltage(V) Thickness (mm) Penetration

1 Conventional 2.4, 2.7, 3.0, 3.3 19 4 Partial
2 LSC 2.4, 2.7, 3.0, 3.3 19 4 Partial
3 Cold Arc 2.4, 2.7, 3.0, 3.3 19 4 Partial
4 Conventional 3.0 19 2 Full
5 LSC 3.0 19 2 Full
6 Cold Arc 3.0 19 2 Full

2.3. Principle of Measurement

The image analysis was carried out using a computer program built with LabView to obtain the
change of the height of weld pool surface and the diameter of liquid bridge neck. Direct information
about the weld pool oscillation from the high speed photography pictures was obtained by tracing the
height of reference point on the weld pool surface as a function of time. The processing processes are as
follows: (1) the contour of weld pool and wire silhouette in high speed photography was extracted by
image processing system to obtain the pixel coordinates of contour, as shown in Figure 4b. (2) Direct
information about the weld pool motion from the high speed video pictures was obtained by tracing
the pool surface as a function of time. For this purpose, a reference point was defined on the weld pool
surface, as depicted in Figure 4b. The distance between the reference point and the center of wire was
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1.8 mm (1.5 times wire diameter). The Y-coordinate of reference point was measured as a function of
time. In this way the change of the position of the reference point during welding can be outlined and
the trend of the pool motion can be revealed [10]. (3) The shortest distance between the white line and
the red line was calculated to obtain the diameter of liquid bridge necking of liquid bridge during
short-circuit period. The process flow is shown in Figure 4.

 

Figure 4. Principle of measurement: (a) original images; (b) extraction of the outline of weld pool and
the smallest diameter of liquid bridge.

3. Results and Discussion

3.1. The Metal Transfer Process and Impact on the Weld Pool

During the short circuit period, the heat source of weld pool is mainly the resistance heat of
the filler material and the molten filler material. Arc heat is the main heat source during the arc
period. In order to compare the heating power of different waveform control methods to the weld pool,
Equation (1) was used to calculate the welding power for all waveform control methods, Equations (2)
and (3) were used to calculate the welding line energy on the base metal [12,13].

Pw =
1

ta + ts

[(∫ ta

0
u(t)i(t)dt

)
+

(∫ ts

0
u(t)i(t)dt

)]
(1)

Qb = Pw ∗ ηeff ∗ (ta + ts) = Pw ∗ ηeff ∗ tw (2)

Qpl =
Qb

v ∗ tw
=

Pw ∗ ηeff

v
(3)

where u(t) is the voltage curve during welding, i(t) is the current curve, tw is the welding time, tarc

is the burning-arc time, ts is the arc-shorting time, Pw is the welding power during single a droplet
transfer cycle, Qb is the heat in the base material, ηeff is the thermal efficiency of the welding process,
Qpl is the heat power applied to the weld pool per unit length, and v is the welding speed.

The arc length of S-GMAW is short hence the heat losses to the surrounding atmosphere are low.
The effective thermal efficiency is high and the ηeff of S-GMAW is 0.85 [14] which is higher than that of
Pulsed GMAW and Spray GMAW.

Figure 5 shows the combination of voltage and current waveform and metal transfer process of
different S-GMAW processes. In order to ensure the comparability of waveforms, the volume of the
drops was similar at the time of waveforms acquisition. The arc current curve of traditional S-GMAW
process is influenced by two factors: Inductance of the welding circuit and re-striking current. The
re-striking current determines the peak current in the arc period. Then the current declined to the
background current, this period was tarc1 as shown in Figure 5a. Inductance of the welding circuit
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determined the rate of current decline. The LSC process maintained the large current for a defined
short period of time after the arc ignites to ensure that the arc had sufficient energy to heat the welding
wire and the base material. Then the current decreased to the background current by the current
control to regulate and initiate the next detachment, this period was tarc1 as shown in Figure 5b. As for
Cold Arc process, the current was decreased dramatically to permit a smooth break of the bridge of
the molten metal at the end of short-circuit period. After the arc had been stabilized, the current was
raised for a defined short period of time, known as melt pulse, to heat the welding wire and the base
material. Then the current decreased to the background current, this period was tarc1 as shown in
Figure 5c. The average heating power to the base material and weld pool outlines of three waveforms
is shown in Table 3.

Figure 5. The droplet transition process: (a) conventional process; (b) LSC; and (c) Cold Arc.

Table 3. The effective heating power to the base material and weld pool outlines.

Waveforms
Plate

Thickness/mm
Wire Feed

Rate/m·min−1

Effective Average
Heating

Power/KJ·m−1

Pool
Width/mm

Pool
Length/mm

Conventional 4 3 409.915 5.6 ± 0.5 11.2 ± 1
LSC 4 3 344.656 5.5 ± 0.5 10.5 ± 1

Cold Arc 4 3 327.533 5.3 ± 0.5 9.6 ± 1

Figure 6 shows the profile of the weld pool during the transition period of a single molten drop.
The first column of Figure 6 is the surface profiles of the weld pools at the short circuit stage, the second
at the time when the liquid bridge exploded, the third at the arc stage, and the fourth at the short
circuit stage of next droplet transition stage. The weld pools size was shown in Table 2. The area of the
weld pool was measured by the Photoshop software, the border between the liquid and the solid was
outlined manually, which could not be found by the software for tiny gray scale differences. The pool
size can be obtained imprecisely by measuring the image, but the influence trend of waveform control
mode on the pool size can be obtained under the same shooting condition. The results show that there
was no obvious difference in the width of the weld pool, but there was a great difference in the length
of the weld pool. These differences were directly related to the impact of electrical explosion at the end
of short circuit.

80



Metals 2019, 9, 1326

 

Figure 6. Variation of weld pool profile of short circuit gas metal arc welding (S-GMAW) under different
waveforms (wire feed rate: 3 m/min, thickness of base plates: 4 mm): (a) conventional waveform,
(b) LSC waveform, and (c) Cold Arc waveform.

As shown in Figure 6, strong arc light appeared at the moment of electric explosion. There was
no obvious change in the size of the weld pool before and after the electric explosion, but there was
obvious difference between the surface of different weld pools. The glitters in the blue circles of
Figure 6 were due to backlight and weld pool surface, which was the mirror-like reflection. The weld
pool fluctuation resulted in the change of surface curvature. The more violent the surface fluctuation of
the weld pool, the greater the chance of mirror reflection and the more glitters there were. The surface
of the weld pool with traditional waveform fluctuated the most, which was followed by LSC, and the
weld pool of Cold Arc basically did not change. In the transition period of a single melt droplet, the
energy carried by electric explosion was mainly propagated to the melt pool in the form of momentum,
which changes the flow state of the metal inside the weld pool.

The resistance heat is the main factor that causes the liquid bridge explosion during short circuit
period. Due to the highest resistance at the neck of the liquid bridge, it was the location where the
electric explosion occurred. The instantaneous heat generation power per unit volume of the metal at
the neck of the liquid bridge is calculated, the process is shown as follows:

R =
ρ ∗ dl
πr2 (4)

Ph = I2 ∗R = I2 ∗ (ρ ∗ dl)/
(
πr2

)
(5)

Pv =
Ph
V

=
I2 ∗ ρ∗dl

πr2

πr2 ∗ dl
=

I2 ∗ ρ
π2 ∗ r4

(6)

where R is the resistance at liquid bridge neck, ρ is the resistivity of metal at liquid bridge, r is the
radius of liquid bridge neck which was extracted by image processing system which was mentioned
above, dl is the fluid bridge neck differential length, Ph is the thermal power of resistance at neck of
liquid bridge, and Pv is the instantaneous power density of the liquid bridge. The electrical explosion
is caused by overheating of the metal at the neck of the bridge. The diameter of the liquid bridge
changes gently in a small area near the neck constriction whose volume can be replaced by a cylinder
whose diameter is equal with the diameter of the neck of the liquid bridge. V is the differential volume
of the fluid bridge neck length.

The image processing system was used to extract the diameter of the shrinking neck of the liquid
bridge in the short circuit period. Figure 7 are the relationship curves that show the diameter of the
neck of the liquid bridge along with time.
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Figure 7. The diameter of the neck of the liquid bridge as a function of time.

It has been pointed out that the surface tension and electromagnetic pinch force are the main
forces to make droplet transfer which have close relation with formation, destabilization, and break-up
of short circuit liquid bridge. The curves in Figure 7 all showed a process of rapid rise, then stability,
and finally rapid decline. The rapid decline stage of diameter was the process of destabilization and
break-up of liquid bridge. The sharp slumping stage of three curves lasted nearly the same time
as shown in Figure 7. At that time, the current in the welding loop were 280 A, 210 A, and 50 A
in conventional, LSC, and Cold Arc, respectively, as shown in Figure 5. The results showed that
electromagnetic shrinkage force had little effect on the duration of destabilization and break-up of short
circuit liquid bridge. The difference of stability times of liquid bridges was obvious, which indicated
that the rising rate of loop current in the short circuit stage can effectively promote the formation of
neck of liquid bridge and greatly reduce the short circuit stage time.

Figure 8 shows the relationship curves of the instantaneous power density of liquid bridge neck
with time under three waveform conditions. As shown in Figure 8, The curve of the instantaneous
power density of the liquid bridge along with time was acquired by substituting the diameter of the
shrinking neck of the liquid bridge and the current corresponding to it into Equation (6).

Figure 8. The instantaneous power density of the liquid bridge as a function of time.

It can be seen from Figure 8 that the instantaneous power density of the liquid bridge was
extremely low during short circuit period for most of the time. The energy accumulated in a very short
time before the liquid bridge explosion is the main factor influencing the impact of electric explosion.
Therefore, the instantaneous power density of the liquid bridge during the burst can effectively measure
the magnitude of the electric explosive impact force. The instantaneous power density of liquid bridge
metal in cold arc power supply was relatively small. The instantaneous power density of liquid bridge
metal at the end of short circuit in LSC process was about half of that of traditional process, and the
electric explosion impact force was less than that of traditional process. The impact force of electric
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explosion determines the dynamic characteristics of weld pool. Figure 9 shows the probability density
distribution of oscillation amplitude of weld pool:

Figure 9. The probability density distribution of oscillation amplitude of weld pool: (a–c) are the
amplitudes of the partial penetration pool of conventional process, LSC, and Cold Arc and (d–f) are the
amplitudes of the full penetration pool of conventional process, LSC, and Cold Arc.

The amplitude of weld pool is proportional to the impact of electric explosion. The probability of
large amplitude of weld pool in traditional process was greater than that of LSC and Cold Arc. The
impact of electric explosion on the weld pool in Cold Arc process was very small, and the liquid level
of the weld pool had no obvious fluctuation.

The results of the statistics of oscillation amplitude are in good agreement with Figure 6. The
amplitude was proportional to the impact of surface traveling wave on the boundary of weld pool.
This can explain the obvious difference in the length of weld pool with little difference in the width of
weld pool. The oscillation amplitude of weld pool was affected by the state of weld pool. The full
penetration pool had larger amplitude of the weld pool was affected by the state of the weld pool;
compared with the partial penetration. When the weld pool was impacted, the bottom of the full weld
pool was liquid metal level, which had little effect on the downward movement of metal flow. As a
result, the amplitude of full penetration pool was larger than that of partial penetration pool under the
same welding parameters.

3.2. Oscillation of Weld Pool

High speed photograph pictures showed that the liquid waves in S-GMA welding were triggered
primarily by the electric explosion, not by the change in the arc pressure during the arc period [15]. The
relationship curves the height of the reference point on the weld pool surface with time were obtained
by using the method described in Section 2.3, as shown in Figure 10.
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Figure 10. Oscillation signal extracted by high speed photograph-image analysis system.

The period of droplet transfer cycles fluctuated randomly within a range, and the oscillation curve
of weld pool is a time-varying signal, which causes the oscillation frequency of weld pool change
within a range. The Fast Fourier Transform Algorithm (FFT) could not extract the characteristics of
weld pool oscillation. The Continuous Wavelet Transform (CWT) can analyze time-varying signals
in time domain and frequency domain simultaneously. In this paper, Morlet continuous wavelet
transform was applied to weld pool oscillation signals at different wire feeding speeds. Morlet wavelet
base function is shown in Equation (7):

ψa,b(t) =
√

aexp
(
iω0

(t− b)
a

)
exp

⎛⎜⎜⎜⎜⎝− (t− b)2

2a2

⎞⎟⎟⎟⎟⎠ (7)

In the continuous wavelet transform, the scale vector a is associated with the central frequency
and the support interval of the basis function, and the frequency of weld pool oscillation and its
corresponding time frequency resolution can be obtained at any time. For a particular scale vector, the
signal frequency allowed by the wavelet transform should be close to the corresponding frequency
of the scale vector. Therefore, the continuous wavelet transform can clearly reflect the variation of
oscillation frequency with time. In this experiment, wavelet transform is carried out on the acquired
signal of melt pool oscillation, and the center frequency ω0 of base function was three. The oscillation
frequency range of traditional GMAW weld pool is below 300 Hz [16]. The scale vector a selected in this
experiment was between 50 and 700, and the corresponding oscillation frequency identification range
was 40–600 Hz. b is the duration of signal acquisition. The contour diagram of transform coefficient of
signal reflects the energy density distribution of the signal in the time-scale plane. The energy of the
signal is mainly concentrated around the wavelet-ridge-cure in the time-scale plane, from which the
instantaneous frequency of the signal can be determined. Signal sampling frequency (ƒSampling frequency)
was equal with the fps of high-speed photography, and the corresponding relationship between the
oscillation frequency of weld pool (ƒOscillation frequency) and the scale vector a of wavelet-ridge-cure is as
Equation (8):

ƒOscillation frequency =
ƒSampling frequency·ω0

a
(8)

Figure 10 is the contour diagram of continuous wavelet transform coefficient of weld pool
oscillation signal of traditional S-GMAW process under different wire feeding speeds:

It can be seen from Figure 11 that the oscillation of weld pool of S-GMAW had significant
periodicity. The relationship curve of the oscillation frequency with different wire-feed speeds is shown
in Figure 12. When the wire feeding speed was 2.4 m/min, the weld pool volume was small, resulting
high oscillation frequency of the weld pool. With the increase of wire feeding speed, the volume of
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weld pool increases, the propagation time of travelling wave on the surface of weld pool increased,
and the oscillation frequency decreased.

 

Figure 11. The contour diagram of transform coefficient of weld pool oscillation: (a) 2.4 m/min; (b) 2.7
m/min; (c) 3.0 m/min; and (d) 3.3 m/min.

Figure 12. The oscillation frequency of weld pools with different wire-feed speeds.

Different waveforms and penetration states of weld pool led to different oscillation frequencies.
Figure 13 shows the contour curves of the oscillation wavelet transform coefficients of the fusion and
partial weld pools of three waveforms, and Table 4 shows the oscillation frequency statistics.

 
Figure 13. The contour curves of the oscillation wavelet transform coefficients of the fully and partly
penetrated weld pools: (a) conventional process; (b) LSC; and (c) Cold Arc.

85



Metals 2019, 9, 1326

Table 4. The oscillation frequency statistics.

Waveform Partial Penetration Full Penetration

Conventional 100 Hz 75 Hz
200 Hz

LSC 112 Hz 68 Hz
165 Hz

Cold Arc Not available Not available

As can be seen from Figure 13, there was a significant difference in the oscillation frequency
between the partly and fully penetrated weld pools. These pictures at both sides of Figure 13 are the
contour diagram of the distribution of oscillation wavelet coefficients of partly and fully penetrated
weld pool using different waveforms. Only one frequency occurred during the oscillation process of
partly penetrated weld pool, while there were two characteristic frequencies on the oscillation spectrum
of the fully penetrated weld pool. The difference between high frequency and low frequency was
generally about 40 Hz, which indicated that there were two oscillation periods of different frequencies
in the weld pool. Zacksenhouse [17] established a pool analysis model based on the stretch film theory
and studied the oscillation frequency of the full penetration pool. In the full penetration pool, the
vibration frequency is obviously lower than that of the partial penetration pool, and the amplitude of
the oscillation of the fully penetrated weld pool is relatively larger than that of the partly penetrated
weld pool due to the disappearance of the bottom constraint, which was consistent with the Figure 9.

In order to explain the two oscillation frequencies of the full penetration pool, the metal flow
process in the pool should be considered, as shown in Figure 14. With the impact of electric explosion,
the liquid weld pool flowed radially symmetrically with the arc axis. In the full penetration pool,
axial flow occurred for the bottom of the weld pool was no longer supported by any solid material.
The liquid in the middle of the weld pool can move vertically, while the liquid in the periphery of
the weld pool was supported by the solid material and forced to flow laterally. It led to the fact that
although the weld pool was in the state of full penetration, the traveling wave propagation process
was still similar to that of non-molten penetration at the periphery of the weld pool. During travelling
S-GMAW welding process, the penetration position was relatively small compared with the length of
the weld pool, and most of the weld pool metal was still supported by solid metal at the bottom of the
weld pool, the oscillation behavior was similar to partial penetration. Therefore, the full penetration
pool had two characteristic oscillation frequencies: High frequency and low frequency.

 
Figure 14. Oscillation mode of weld pool: (a) partial penetration; (b) full penetration.

The characteristics of the pool oscillation of three waveforms were different. As shown in Figure 13,
No stable wavelet-ridge-cure occurred in the contour curves of the oscillation wavelet transform
coefficients of Cold Arc, so the weld pools of Cold Arc had no stable oscillation frequency. The Cold
Arc process reduced the current at the end of short-circuit stage, which greatly reduces the impact of
electric explosion on the pool. At the same wire feeding speed, the weld pool oscillation frequency
of LSC was slightly lower than that of conventional process, which was related to the size of weld
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pool and the electric explosive impact force at the end of short circuit, and the surface tension of weld
pool was one of the factors that caused the difference of the frequency. Different waveforms led to
different surface temperature of the weld pool, resulting in different surface tension of the weld pool.
The surface tension of the weld pool metal is also one of the important factors affecting the oscillation
frequency of the weld pool.

3.3. Flow Behavior of Weld Pool

To study the weld pool flow behavior, positions of the camera and backlight source need to be
changed, as shown in position two of Figure 2. 650 nm near infrared filter were installed to obtain
metal flow information of the weld pool. When active gas served as a shielding gas, alloying elements
like silicon and manganese, which were present in the base metal and the wire, had a high affinity
to react with oxygen and form silicon oxide and manganese oxide. These oxides accumulate on the
surface of the weld pool and form slag [18]. the slags have a lower density than the molten metal and
follow the flow pattern of the weld pool. Hence, slag flow pattern and accumulation location can
disclose the weld pool flow behavior [19].

GMAW weld pool consists of the hot part of the weld pool and the cold part of the weld pool [19,20].
The hot part of the weld pool consisted of the area directly under the arc and the surrounding region,
and the cold part of the weld pool is located behind the hot part of weld pool. According to Grong et al.,
the metal oxides in the high temperature zone of the weld pool exists in the form of metal oxide powder,
which cannot aggregate into slags [20,21]. The metal oxides in the cold part of weld pool accumulate
into blocks to form slags. Slag is a poor conductor of heat and prevents the red glow of the weld pool,
which can block the light at a wavelength of 650 nm. The slag flow pattern can be clearly observed by
using 650 nm polaroid as filter.

Figure 15 represented the frames from the high speed video to show the partly penetrated weld
pool flow pattern and the slag accumulation location for conventional process, LSC, and Cold Arc,
respectively. The white powder in the front and middle of the weld pool was the silicon oxide and
manganese oxide particles, which are separated from the weld metal due to the strong turbulence in
the weld pool in this part and pushed to the low temperature area of the weld pool under the action of
the pool flow. The slags flow patterns behaviors of different processes showed significant difference.

 

Figure 15. The partly penetrated weld pool flow pattern and the slag accumulation location:
(a) Conventional; (b) LSC; (c) Cold Arc (the slag islands were outlined by white dotted lines).

The weld pool flow in partly the penetrated weld pool is explained with the assistance of Figure 16.
When the weld pool is forced to flow downwards (by the external force), it is blocked by the base metal
and is forced to flow to the back of the weld pool. At the back of the weld pool, the metal liquid flow
will rebound off the solid metal interface and flow to the front of the pool. By the present experiment
results in Section 3.1, the impact of the traditional S-GMAW process on the weld pool is the strongest
of the three, and the bounced metal flow was the strongest which led to the formation of two spinning
large slag islands. The impact of the LSC on the weld pool was smaller than the conventional process.
The dumbbell shaped slag island in LSC was formed with co-extrusion of the bounced metal flow and
the backward flow of metal on the surface of weld pool. Cold Arc process has little impact on the weld
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pool, because the bounced metal strength was negligible, so the metal oxides gathered into a single
round island of slag.

 

Figure 16. Schematic diagram of flow of partial penetrated weld pool: (a) inside. (b) surface.

As shown in Figure 17, compared with partial penetrated weld pool, the characteristics of the full
penetrated weld pool flow pattern have the obvious differentiation, the full penetrated weld pools
also have obvious low temperature zone and high temperature zone, but the metal oxides in the cold
part of the weld pool did not gather and form huge slag islands, instead distributed at the back of
the weld pool evenly. The bottom surface of the full penetrated weld pool can expand and contract
with impact, and the energy was absorbed due to the existence of the free surface at the bottom, as
shown in Figure 18. The liquid metal in the hot part of weld pool was not pressed, so the volume and
length of the fully penetrated weld pool was larger than that of partly penetrated weld pool. For the
fully penetrated weld pool, the slag at the end of the pool formed discrete scattered islands and did
not gather into a large slag island, as was observed for the partial penetration case. This change was
simply dependent on the surface wave of the weld pool.

 

Figure 17. The fully penetrated weld pool flow pattern and the slag accumulation location:
(a) Conventional; (b) LSC; (c) Cold Arc (the slags were outlined by dotted lines).

 

Figure 18. Schematic diagram of flow of fully penetrated weld pool: (a) inside. (b) surface.

Since the composition of shielding gas was consistent, the influence of the Marangoni flow can
be excluded. And for the cold part of the weld pool lie on the further from the center of the arc, the
influence of plasma flow force and electromagnetic force can be ignored. The difference observed in
weld pool flow pattern was attributed to the varied degrees-of-freedom of weld pool.
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3.4. Geometry and Microstructure of Weld Bead

The weld geometry often qualifies melting characteristics of base metal, amount of weld deposition,
welding heat input, energy distribution, and regulation of the flow of liquid metal to control its shape at
various parameters [6]. The energy distribution and the metal transfer in the welding process depend
on the waveforms of S-GMAW, which were both the main factors that affects the fluidity of the weld
pool, and further affects the weld microstructure.

3.4.1. Geometry of Weld Bead

The change of waveforms had remarkable influence on weld geometry. It is of great significance to
study the weld bead geometry of S-GMAW under different wave forms. Transverse sections are shown
in Figure 19 for beads on plate deposition which contains partial penetration (the thickness of base
material was 4 mm) as well as fully penetration (the thickness of base material was 2 mm), respectively.

Figure 19. The geometry of the weld beads with different waveforms (wire feed rate: 3 m/min, voltage:
19 V).

As shown in Figure 19, the area of base metal fusion of Cold Arc was smaller than that of the
other two waveforms. As mentioned in Section 3.1, the average heating powers of LSC and Cold Arc
to the base material were similar. The difference of weld pool behaviors was the main factor caused the
difference of the area of bead deposit.

The oscillation intensified the convection of the weld pool, which led to the metal in the hot
part to flow to the pool boundary, which intensified the melting of the base material. The impact
of the conventional process and LSC on the weld pool was much larger than that of Cold Arc, so
the area of base metal fusion for the Cold Arc was the smallest. Due to the oscillation amplitude of
the fully penetrated pool was larger than that of the partly penetrated pool, as well as the bad heat
dissipation of thin plate, the area of full penetration base metal fusion was much larger than that of the
partial penetration.

The influence of electric explosion on the weld pool changed the depth and width of weld
pool. Figure 20 listed the variation of weld geometry with increasing of wire feed rate. Due to the
narrow range of weld parameters of the full penetration pool, this paper only listed the weld forming
parameters of the partial penetration pool with different wire feed rate.
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Figure 20. Effect of wire feed rate on geometry of fusion (partial penetration) in bead on plate deposition
of S235JR: (a) average welding power; (b) area of penetration; (c) width; and (d) depth.

As shown in Figure 20, the main factor that determined weld geometry was welding heat input.
The influence of weld pool behavior on weld geometry and penetration area was not obvious. Low
wire feeding speed resulted in smaller peak current, lower energy input difference, lower effect of
electric explosion impact on the pool, and more consistent weld formation of three waveforms. The
difference of weld forming was more obvious with the increase of wire feeding speed.

3.4.2. Microstructure of Weld Metals

The waveform of S-GMAW has great influence on the microstructure of weld bead. It determines
the dynamic behavior of the weld pool, which further influences the solidification behavior of the
weld pool. In a large part, solidification behavior determines microstructure of weld metal. This
microstructure of weld metals is probably due to the complex interactions between weld thermal cycle,
cooling rate, and the prior austenite grain size [22]. In this study, the weld metal composition remained
almost constant under the conditions that the same base metal, filler metal, and shielding gas were
used in all experiments, therefore, the change of microstructure is related to the change of arc heat
input and weld pool behavior.

For the same welding condition, the weld pool thermal behaviors between the three waveform
processes were completely different, which resulting in obvious and different weld microstructure, as
shown in Figures 21 and 22. The proeutectoid ferrite (PF) volume fraction precipitated at the initial
austenite grain boundary were related to the welding heat cycle. The lower the cooling rate of weld
bead, the greater the amount of PF formation. Poor heat dissipation can aggravate this phenomenon,
as the full penetration weld was prepared with 2 mm steel plate, which inhibited the heat transfer and
reduced the cooling rate, it caused thicker PF compared with the partly penetrated weld pool.
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Figure 21. The microstructures of the weld beads with different waveforms (magnification: 50 times).

 

Figure 22. The microstructures of the weld beads with different waveforms (magnification: 200 times).

The heat input of conventional process was larger than the LSC and the Cold Arc, resulting in
larger PF microstructure. The heat input of LSC was close to Cold Arc, but the oscillating behavior of
the weld pool aggravated the heat exchange between the metal liquid in the high temperature zone
and the low temperature zone, resulting in the slow cooling rate and the precipitation of more PF in
the initial austenite grain boundary.

PF usually precipitates at the initial austenite grain boundary, and the distribution of PF reflected
the initial austenite grain boundary [23]. The directivity of PF structure in partly penetrated weld
bead was obvious, which indicated that most of the initial austenite grain were columnar. In the fully
penetrated weld bead of conventional process and LSC, the structure of PF microstructure no longer
had direction, which indicated that the solidification and growth process of initial austenite grains
could be changed by the oscillation of the weld pool.

In the weld microstructure, acicular ferrite (AF) can effectively increase the mechanical properties
(particularly toughness) of the weld. Therefore, the volume fraction of acicular ferrite in Figure 21 was
measured, image processing software was used to measure the area fraction of different phases in the
Figure. The area fraction of AF and PF phases in the metallographic picture were approximately equal
to their respective volume fractions, and the results were shown in Figure 23. The results show that the
volume fractions of AF were significantly different, due to the change of the weld heat gradient within
the different waveforms. The heat gradient of the weld pool of the fully penetrated weld bead was
smaller than that of the partial penetration, which resulted in a decrease of the volume fraction of AF.
The weld pool oscillated continuously in the traditional process and LSC, the weld pool was agitated
and the thermal gradient declined, resulting in the decrease of AF content. The AF content in the weld
microstructure of the traditional process and LSC was lower than that of Cold Arc.
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(a) (b) 

Figure 23. Acicular ferrite and proeutectoid ferrite volume fraction in weld deposits: (a) partial
penetration; (b) full penetration.

The AF microstructures of different bead-on-welds as shown in Figure 24 reveal different grain
size. The average grain sizes of AF grain were calculated using intercept method (as per ASTM
E112-10). In general, the grain size of weld metals can be typically correlated with the heat input or the
cumulative effect of weld parameters. As mentioned in Table 3, the heat input of traditional process
was obviously larger than that of LSC and Cold Arc, which caused the grain size of conventional
process was larger than the others. The heat input of LSC was approximately equal with the Cold Arc,
the size of acicular ferrite precipitated in the weld of LSC was larger than that of Cold Arc. In the case
when the heat input was approximately equal, the change in AF size also verified the difference of
thermal gradient of welding pools between different waveforms. The decrease of thermal gradient
resulted in AF grain grow.

 

Figure 24. Optical micrographs of acicular ferrite (a) conventional, (b) LSC, and (c) cold Arc.

The weld microstructure of low carbon steel was the result of solidification and solid phase
transformation of the weld pool in non-equilibrium state. The columnar-to-equiaxed transition caused
by the oscillation of the weld pool had not been observed, but the oscillation homogenized the
temperature distribution of the weld pool, reduced the temperature gradient of the weld pool, and
resulted in the coarsening of the weld structure in the process of solid phase transformation.

4. Conclusions

In this paper, the behavior characteristics of S-GMAW weld pool were studied, and the differences
of the pool behavior and weld microstructure were compared under different waveforms. The
conclusions are as follows:

(1) In short-circuit period, the duration of destabilization and break-up of the liquid bridge is mainly
related to the surface tension of the liquid metal, not the loop current. However, the rise rate of
the loop current can effectively shorten the stability time of the liquid bridge and promote the
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formation of the neck of the short-circuit liquid bridge. The liquid bridge explosion is related to
the instantaneous power density of liquid bridge metal.

(2) The weld pool oscillation is triggered by the pressure of the electric explosion. The oscillation of
the weld pool can be monitored visually by high-speed photography imaging. The oscillation of
the weld pool has natural frequencies which decrease with the increase of volume of weld pool.
In the case of partial penetration, only one natural oscillation frequency can be detected. In the
case of full penetration two different oscillation frequencies can be detected.

(3) The shape of slag on the surface of the weld pool and the flow behavior of the weld pool can
reflect the penetration state of the weld pool. The different boundary conditions between the
partial and full penetration cause different flow behavior of the weld pool, which leads to the fact
that the slag tends to aggregate into large blocks in partial penetration, while the slag in the fully
penetrated weld pool cannot aggregate into blocks. Large slag island can be deformed or split
apart with different impact strength of electrical explosions.

(4) Compared with the influence of weld heat input on the size of weld pool, the effect of weld pool
oscillation is not obvious. The oscillation imparts a negative effect on the weld microstructure,
along with the aggravation of the weld pool oscillation, the content and size of proeutectoid
ferrite in the weld microstructure increases, the content of acicular ferrite decreases while the
grain size increases.
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Abstract: Keyhole mode Tungsten Inert Gas (K-TIG) welding is a novel advanced deep penetration
welding technology which provides an alternative to high power density welding in terms of
achieving keyhole mode welding. In order to facilitate welding procedure optimisation in this newly
developed welding technology, the relationship among welding parameters, weld formation and
tensile properties during the K-TIG welding was investigated in detail. Results show that except for
travel speed, the heat input level also plays an important role in forming undercut defect by changing
the plasma jet trajectory inside keyhole channel, leading to the formation of hump in the weld centre
and exacerbation of undercut formation. Both undercut defect and root side fusion boundary can act
as a stress concentration point, which affects the fracture mode and tensile properties considerably.
The research results provide a practical guidance of process parameter optimisation and quality
assurance for the K-TIG welding process.

Keywords: K-TIG; heat input; weld formation; tensile properties; welding procedure optimisation

1. Introduction

Tungsten Inert Gas welding, also known as TIG or GTAW, is a clean and widely used welding
technology for metals. Nevertheless, a main disadvantage of this welding process is the limited
penetration ability. It may require multipasses to complete the weld for medium thickness materials,
which results in very low productivity. In order to overcome this drawback, K-TIG was developed as a
new TIG variant to increase the penetration capability and production efficiency. In K-TIG welding, a
free burning arc is applied as the heat source to melt the weldment by forming a cylindrical keyhole [1],
which provides a nice alternative to high power density welding. This type of keyhole welding is
characterized by its dependence on arc force, as opposed to ablation pressure in laser-based and
electron beam-based welding, and a combination of stagnation and recoil pressure in plasma arc
welding (PAW), as reported by Jarvis and Ahmed [2]. Compared with standard melt-in mode TIG
welding, K-TIG process possesses higher energy density, process efficiency and greater penetration
ability. Although heat density of K-TIG is far lower compared to high power density welding, it is
easier to operate and more cost-effective, as stated by Liu et al. [3]. In addition, Liu et al. [4] reported
that K-TIG was able to achieve continuous open keyhole and was more stable than PAW. It was also
demonstrated by Liu et al. [5] that K-TIG had much wider operating window compared with PAW
owing to the fact that it has much smaller arc pressure/arc current ratio.

Metals 2019, 9, 1327; doi:10.3390/met9121327 www.mdpi.com/journal/metals
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To date, K-TIG has found applications in industries for joining medium thickness materials, say
titanium [6], zirconium [7], stainless steel [8], low carbon steel [9] and dissimilar metal welding [10].
It was shown in these studies that K-TIG can complete the medium thickness weld in a single pass
with a V-shaped morphology. It was also shown that K-TIG produced a welded joint with smaller
fusion zone and larger heat-affected zone compared with conventional TIG welding process. In
addition, it has been demonstrated that K-TIG has the potential to increase the productivity while
maintaining the mechanical properties at a level similar to the joints produced by conventional TIG
welding. Recently, it was reported by Cui et al. [11] that K-TIG can even be used in underwater
condition and can produce a duplex stainless-steel weld that meets underwater welding standards. In
addition, because of the fact that the material properties of some welded joints produced by K-TIG
are not satisfactory, several optimisation technologies have been introduced into the K-TIG welding
process. For example, Fei et al. [12] introduced filler materials into K-TIG to improve the weld
microstructure and mechanical properties of armour steel weld. Fei et al. [13] also applied specially
designed interlayer to tailor the microstructure and solidification sequence of K-TIG-welded armour
steel joint. Post-weld heat treatment and ultrahigh frequency were utilised by Xie et al. [14] to improve
both the mechanical properties and corrosion resistance of 430 ferritic stainless steel welded joint. On
the other hand, since K-TIG has a narrower operating window for carbon steel because of its higher
thermal conductivity, several studies have focused on the keyhole behaviour and stability improvement,
such as the application of back purging unit [15], one pulse one keyhole technique [16] and high
frequency pulse current waveform [17]. Furthermore, in order to develop on-line control strategy for
the K-TIG welding process, several penetration monitoring systems have been developed, such as
arc voltage-based oscillation frequency sensing [18] and combination of acoustics and vision-based
sensing [19].

Overall, the current research directions of the K-TIG welding technology can be divided into four
parts, namely metallurgical qualification of K-TIG welded joints, optimisation technology for joint
microstructure and properties, process dynamics and stability improvement as well as development
of on-line monitoring system. Up to date, there has been little research on the relationship among
process parameters, weld formation and mechanical properties in the K-TIG welding process. More
importantly, unlike conventional TIG welding for which the weld formation can be partially controlled
or compensated by the operators, the K-TIG operates in a completely automated mode, with the weld
formation being entirely dependent on the welding parameter combination. Although in some studies,
small amount of welding trials were conducted to test the influence of welding parameters in the
K-TIG welding, the main purpose was to find a parameter combination to achieve full penetration,
as did by Cui et al. [8] and Feng et al. [20]. The mechanism for defect formation and the correlation
between weld formation and mechanical properties in the K-TIG welding process have not been
addressed. To a practical view, the mechanical properties, especially tensile properties, are easily
affected by weld formation which is a function of process parameters used during welding. Figuring
out the relationship among welding parameters, weld formation, and mechanical properties is helpful
to the process optimisation and is crucial for the avoidance of defect formation and premature failure
during service.

In this study, K-TIG welding was performed on 6.2 mm thickness high hardness armour (HHA)
plates using different welding parameter combination, aiming at evaluating the effect of heat input on
weld formation and tensile properties. The mechanism by which various behaviours occurred has
been discussed. The results would provide a practical guidance of parameter optimisation and quality
assurance for the K-TIG welding process.

2. Materials and Methods

The material used for investigation is 500 grade armour steel, also known as HHA. Detailed
chemical composition and mechanical properties of the base plate are listed in Tables 1 and 2,
respectively. The chemical composition was measured by atomic emission spectroscopy. The base
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metal shows tempered martensite microstructure, as shown in Figure 1. It is worth noting here that as
this paper is intended to analyse the relationship among welding parameters, weld formation and
tensile properties, the material-dependent aspect will not be discussed in detail.

Table 1. Chemical composition of HHA (wt%).

C Si Mn P S Ni Cr Mo B Fe

0.27 0.3 0.3 0.014 0.0025 0.19 1.05 0.25 0.0012 Bal.

Table 2. Mechanical properties of HHA.

Materials Ultimate Tensile Strength (MPa) Elongation (%) Hardness (HV)

HHA 1775 14 495

 

Figure 1. Microstructure of the HHA base metal.

As depicted in Figure 2, the experimental equipment designed to conduct the welding trials was
composed of a K-TIG power supply, a data acquisition device and a high-speed camera. The welding
output was provided by a special power source with capability up to 1000 A. A high-speed camera
in combination with a 10% transparency neutral filter was placed beside the worktable in order to
record the arc behaviour. An inert gas back purge unit was designed to provide shielding from the
atmospheric contamination on the root side of the weld pool. The argon shielding gas was transferred
into the back purging unit from the left-hand side hose hole and allowed to be ejected through the
switch on the right-hand side to avoid accumulation of pressure inside the unit. The image capturing
was conducted after the process reached stable. During welding, the torch and high-speed camera
were kept stationary while the worktable moved at the pre-set speed.

To test the influence of process parameters on weld formation and tensile properties, seven
butt-joint welding experiments were performed on 6.2 mm thickness HHA plates by using control
variable method. Process window identification tests were conducted to find the appropriate parameter
combination leading to full penetration with the absence of both incomplete penetration because of
insufficient heat input and weld pool collapse because of excessive heat input. Detailed parameter
combination is depicted in Table 3. The heat input was calculated by the product of welding current
and voltage divided by the travel speed plus a thermal coefficient of 0.6. The arc length was measured
by the stacked thickness measurement device before welding. The dimension of the plates used in this
study is 250 mm × 75 mm × 6.2 mm. The welding current and travel speed were chosen as variables.
The fixed parameters for all experimental groups are depicted in Table 4. After welding, both transverse
and longitudinal cross sections of the welds were cut from the weldments. The longitudinal cross
section was cut in the arc extinguishment area in a bid to capture the in-situ profile during welding.
The surface morphology and cross section macrographs were captured by Nikon digital camera and
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Leica M205A stereomicroscope, respectively. The mounted samples were etched with 2 wt% nital
for both macro and microstructure observation. Microhardness test was undertaken using Struers
DuraScan-70 automatic hardness tester 2 mm below the surface with 0.5 mm interval under a load of
1 kg for 10 s dwell time. The preparation of tensile samples and the execution of tensile tests were
in accordance with ASTM E8/E8M-16a guideline. The tensile samples were cut perpendicular to the
welding direction using Wire Electrical Discharge Machining. Tensile tests were performed in as-cut
condition without any finishing on the surface of tensile samples with 1 mm/min crosshead speed and
25 mm gauge length (Figure 3). The thickness of all tensile test specimens is 6.2 mm. A CCD camera
was used to measure the total elongation by capturing the movement of two white spots with 25-mm
interval on the tensile specimens. In order to ensure the reproducibility of tensile results, three samples
were tested and the average value was considered.

Figure 2. Schematic of experimental system.

Table 3. Welding parameter combination.

Test No.
Welding Current

(A)
Arc Voltage

(V)
Travel Speed

(cm/min)
Heat Input

(kJ/cm)

1 450 16.41 34.2 7.78
2 465 16.52 34.2 8.1
3 480 16.69 34.2 8.42
4 510 17.11 34.2 9.18
5 450 16.59 30 8.96
6 450 16.44 26 10.22
7 450 16.57 24 11.16

Table 4. Fixed welding parameters (all experiments).

Process Parameters Details

Electrode material
Electrode diameter

Lanthanated tungsten
6.4 mm

Electrode tip angle 45 degree
Shielding gas 99.95% Ar

Shielding gas flow rate 20 l/min
Back purging gas 99.95% Ar

Back purging gas flow rate 10 l/min
Post flow shielding time

Arc length
10 s

3 mm
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Figure 3. Dimension of tensile specimen.

3. Results and Discussion

3.1. Surface Formation

Tables 5 and 6 illustrate both the face side and root side surface formation for the weldments with
different parameters. It can be observed that when the travel speed was fixed at 34.2 cm/min, undercut
was experienced for all the weldments, as marked by red arrows and shown in Table 5. When the
travel speed was reduced to 30 cm/min, the undercut defect disappeared, together with smooth surface
formation on both sides, as shown in Table 6. A further decrease in travel speed led to wavy ripples
along the face side weld edges, as highlighted by red circles, although undercut was not experienced.
Also, even irregular bead face was produced on the root side when the travel speed was reduced to
24 cm/min in Test 7 sample.

Table 5. Weld surface formation with different arc current.

Test
No.

Defect
Type

Fixed parameters: Speed = 34.2 cm/min, Arc length = 3 mm Variable

Face side Root side Current

1 Undercut

  

450 A

2 Undercut

  

465 A

3 Undercut

  

480 A

4 Undercut

  

510 A
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Table 6. Weld surface formation with different travel speed.

Test
No.

Defect
Type

Fixed parameters: Arc length = 3 mm, Welding current = 450 A Variable

Face side Root side Speed

5 N/A

  

30cm/min

6 Ripple

  

26 cm/min

7 Ripple

  

24 mm/min

It is known that high welding speed is easy to cause undercut formation. This is because the
molten metal experiences much stronger backwards momentum at higher travel speed. The mass
flow rate is the highest along the centreline of the weld, which tends to draw molten metal towards
the centreline of the flow and induces lack of melt on the side walls on the face side [21]. Thus,
undercut was consistently observed when high travel speed was used. Considering that the Tests 4
and 5 samples possess similar heat input and different travel speed, the presence of undercut in Test
4 may further indicate that travel speed plays a part in the formation of undercut. In addition, as
reported by Tomsic and Jackson [22], high heat input makes the keyhole widen, more molten metal
displaced by the keyhole flows back to the trailing region for a longer distance and a uniform bead
is hard to obtain. This could be the reason for the formation of wavy ripples on the face side and
irregular bead face on the root side. As the mitigation of undercut defect was observed with increasing
arc current, it is reasonable to believe that the heat input also plays certain role in the formation of
undercut in the K-TIG welding process. The effect of heat input on the undercut formation is discussed
in following section.

3.2. Weld Longitudinal Cross-Section

The weld longitudinal cross-section and arc behaviour are shown in Figure 4. After arc was
extinguished, the weld pool was suddenly frozen. The profile inside the keyhole channel was retained.
When lower heat input was used, as in Test 1 sample, strong arc plasma was experienced on the face
side, together with very high deflection angle relative to the horizontal line, as shown in Figure 4a. As
the heat input increased, the amount of arc plasma on the face side decreased significantly, along with
the increase in the slope of keyhole leading wall, as shown in Figure 4b. What is more, the deflection
angle of plasma cloud relative to the horizontal line decreased with increasing heat input.

As can be seen from the schematic in Figure 4, when lower heat input was used, there was
insufficient heat deposited on the lower half of the keyhole leading wall. Thus, the keyhole leading
wall exhibited a severely curved shape. Only small amount of the arc plasma can be ejected via the
keyhole exit, leaving majority of them guided towards the face side. As the heat input was increased,
more heat was deposited on the keyhole bottom region. The bottom region (A zone) of the keyhole
leading wall in Figure 4a was melted away into liquid and displaced to the rear part to form the weld,
which makes the keyhole exit deviate less from the welding torch. Therefore, larger amount of the arc
plasma could be easily ejected through the keyhole exit, leaving very small amount of them guided
towards the face side. In addition, the increase in heat input further decreased the slope of keyhole
rear edge, which allowed the plasma cloud to be deflected at a very small angle.
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(a)                                (b) 

Figure 4. Weld longitudinal cross section and arc shape; (a) Test 1; (b) Test 7.

3.3. Weld Transverse Cross-Section

The weld macrographs are depicted in Figure 5. It can be seen that both the face side and root side
width increased with increasing heat input. More importantly, there existed slight hump in Tests 1 and
2 samples, as shown in Figure 5a,b. The hump decreased and even disappeared with increasing heat
input, as shown in Figure 5c,d. This is consistent with the mitigation or elimination of undercut defect.

As mentioned above, the heat input is also believed to be a controlling factor in the formation of
undercut defect. Also, the variation trend of heat input, hump and undercut formation are consistent.
Thus, it is necessary to consider the interaction among them. As mentioned above, when a high heat
input was used, the keyhole front wall was less curved, majority of the plasma gas jet spurted out
via the keyhole exit and very small amount of them was reflected by the keyhole front wall towards
the rear keyhole wall, as indicated in Figure 6a. Therefore, the face side weld formation was smooth
with the absence of humping and evident undercut. While if the heat input was reduced, the keyhole
wall on the front side bent against the travel direction and the distance between the welding torch and
the keyhole exit would increase, as demonstrated previously in Figure 4a. In this case, the plasma
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gas flow field changed dramatically as depicted in Figure 6b. Almost all of the plasma jet was guided
towards the lower region of the keyhole wall on the backside. As the welding current used in K-TIG
welding process was relatively high, the pressure associated with the plasma jet flow could overwhelm
the surface tension coming from the weld pool on the backside. Therefore, the trailing weld pool was
severely deformed. Certain amount of the weld pool was pushed towards the face side, and hump
appeared in the weld centre. This kind of hump would reduce the amount of liquid metal on the edges
of the weld pool on the face side, which may facilitate the formation of undercut. This implies that the
heat input level is also an important parameter in determining the undercut formation.

  

Figure 5. Macrographs of four typical welds with different heat input; (a) Test 1 (7.78 kJ/cm); (b) Test 2
(8.1 kJ/cm); (c) Test 4 (9.18 kJ/cm); (d) Test 7 (11.16 kJ/cm).

(a)

Figure 6. Cont.
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(b) 

Figure 6. Schematic of plasma gas flow inside keyhole; (a) high heat input; (b) low heat input.

3.4. Weld Microstructure

The weld microstructure with different heat input is depicted in Figure 7. The weld metal in
Test 1 consists of martensite and small amount of bainite, whereas only bainite with larger grain size
is observed in the weld metal of Test 7. The same is true for the microstructure in the coarse grain
heat-affected zone (CGHAZ) where a combination of martensite with bainite is present in Test 1 and
only bainitic microstructure is found in Test 7. When it comes to fine grain heat-affected zone (FGHAZ),
the microstructure consists predominantly of martensite. However, it is evident that the fraction of
bainite in FGHAZ of Test 7 is higher than that of Test 1.

It is known that microstructure is closely linked to welding thermal cycle and hardenability.
During welding thermal cycle, CGHAZ and FGHAZ were heated to austenite phase region. Upon
cooling, the reformed austenite would transform to martensite, bainite or ferrite, depending on the
cooling rate and hardenability of the base metal. Since the base metal contains large amount of carbon
and chromium, the hardenability is relatively high, which favours the formation of martensite and/or
bainite instead of ferrite. As the heat input increases, the cooling rate decreases, which favours the
formation of bainite rather than martensite. The same is true for the weld metal as it still experiences
phase transformation from austenite to various transformation products upon cooling, although it was
melted during welding thermal cycle. That is why higher fraction of martensite was formed in the
weld and HAZ with lower heat input.

3.5. Hardness

The hardness distribution of various welds is depicted in Figure 8. Lower hardness is observed
in the weld metal region. The hardness increases when moving from the weld metal to the CGHAZ
and FGHAZ. After that, the hardness decreases again to the lowest point when it comes to the
over-tempered region. Finally, the hardness would increase continuously until it reaches the hardness
value of the base metal (495 Hv). The hardness variation trend is very similar to that found in the
armour steel weld produced with conventional fusion welding, as shown by Reddy et al. [23]. In
addition, the overall hardness decreases with increasing heat input. Once the heat input reaches
10.22 kJ/cm and beyond, the overall hardness decrease becomes evident.
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(a)                                         (b) 

Figure 7. Microstructure in weld metal and heat-affected zone (HAZ); (a) Test 1 (HI = 7.78 kJ/cm);
(b) Test 7 (HI = 11.16 kJ/cm) Note: M and B represent martensite and bainite respectively.

 

Figure 8. Hardness distribution across weld with varying heat input.

The variation trend of hardness across the weld is in good agreement with the microstructure
change. As martensite and smaller grain size favours higher hardness, the increase in hardness from
weld metal to FGHAZ is unexpected because of the increased fraction of martensite and decreased grain
size from weld metal to FGHAZ, as shown in Figure 7. In the over-tempered region, the martensite
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was heavily tempered, which led to the reduction in dislocation density, precipitation of carbides and
reduction in solid solution strengthening in the matrix. Thus, the hardness in the over-tempered region
decreased dramatically compared with the HHA base metal (495Hv).

When the heat input was increased, the fraction of martensite decreased in both the weld
metal and HAZ, as shown in Figure 7, because of the slower cooling rate induced from higher heat
input. Furthermore, the softening behaviour in the over-tempered region became severer because of
prolonged holding time in this region with increasing heat input, leading to more significant reduction
in dislocation density, precipitation of carbides and reduction in solid solution strengthening. That is
why the overall hardness of the welded joints decreased with increasing heat input.

3.6. Tensile Properties

The tensile results of the welded joints with different heat input are shown in Figure 9, while
the fracture location of each welded joint is shown in Figure 10. Two tensile samples for each setting
were used to present the fracture location on both face and root side, with the dotted yellow lines
representing the weld metal region on both face and root sides. Figure 9b shows that the elongation
of Test 1 (6.47%) and Test 3 (7.65%) is much lower than the other four samples although the ultimate
tensile strength (UTS) remains at a high level. The fracture behaviour of these two samples is depicted
in Figure 10a,b respectively. They both fractured from the face side undercut. Once the heat input was
increased to more than 8.96 kJ/cm, as is the case in Tests 4–7 samples, the elongation reaches more
than 10%. Although the Tests 4–7 tensile samples all fractured in the weld metal, the Tests 4 and 5
samples fractured in the weld metal from the root side fusion boundary (Figure 10c,d), while the
fracture location of Tests 6 and 7 samples were randomly located in the weld metal (Figure 10e,f). It is
worth noting here that the wavy ripples seem to have no evident effect on the tensile properties in
Tests 6 and 7 samples.

Figure 9. Tensile properties; (a) tensile curves for welded joints with different heat input; (b) tensile
results for welded joints with different heat input.

It is well accepted that the tensile strength is closely linked to the overall hardness of the welded
joint. With the increase in heat input from 8.96 kJ/cm to 11.16 kJ/cm, the overall hardness decreases,
as shown in Figure 8, which is probably a result of the change in cooling rate and microstructure. In
addition, higher heat input also tends to produce wider weld metal and HAZ, which could increase
the width of reduced hardness region, as is the case in this study. Both these two factors can contribute
to the decrease in tensile strength with increasing heat input. The significant reduction in elongation in
Tests 1 and 3 is a result of undercut defect, which is a well-known stress concentration point. This can
also be confirmed by fractography, as shown in Figure 11a,c and e. Note that the left-hand side on
the fracture surface is the face side of the tensile sample, whereas the right-hand side is the root side
of the tensile sample. The fracture surface in Test 1 sample consists predominantly of delamination
both across two planes and on a single plane, as indicated by yellow and red arrows, respectively in
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Figure 11a, as well as small amount of radial zone on the left. This means that after quick fracture
initiation and propagation, the tensile sample experienced delamination fracture mode along the
vertical direction down to the root side, as shown in Figure 11b. The recovery of elongation in Tests 4–7
samples indicates that the mitigation or elimination of undercut effect is an effective way to improve
the tensile properties by reducing or eliminating stress concentration. However, it is worth mentioning
that although the tensile properties of Test 4 were not affected by slight undercut in this study, it is still
highly desirable to eliminate it in real fabrication. Even in the absence of undercut, the fracture still
presents two different routes. As can be seen in Figure 11c, after crack initiated from the root side fusion
boundary (dark grey area on the right-hand side), quick crack propagation occurred until reaching
the face side, as evidenced by the completely radial zone in the fracture surface. The schematic is
shown in Figure 11d. This indicates that the fusion boundary on the root side can also act as a stress
concentration point in the absence of appreciable backside reinforcement, although it is less harmful
than undercut. Thus, it is recommended that post-weld surface treatment be carried out for the K-TIG
welded joint if the workpiece root side is accessible. With the formation of appreciable reinforcement
on the root side, as is the case in Test 6, evident fibrous zone is present in the centre region, as indicated
by the dotted yellow circle in Figure 11e. This is a result of plastic deformation occurring before crack
initiated. In addition, there is larger amount of shear lip formed on the fracture surface, indicating
that this sample followed a regular fracture route in which the stress condition changed to shear from
tension and resulted in a fracture around 45 degree relative to the maximum stress direction after crack
reached the edge. The schematic of fracture path is shown in Figure 11f.

Figure 10. Fracture behaviour of welded joints; (a) Test 1 (HI = 7.78 kJ/cm); (b) Test 3 (HI = 8.42 kJ/cm);
(c) Test 5 (HI = 8.96 kJ/cm); (d) Test 4 (HI = 9.18 kJ/cm); (e) Test 6 (HI = 10.22 kJ/cm); (f) Test 7 (HI =
11.16 kJ/cm).
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Figure 11. Schematic of fracture mechanism; (a,c,e): Fractography of Test 1 (HI = 7.78 kJ/cm), Test 5 (HI
= 8.96 kJ/cm) and Test 6 (HI = 10.22 kJ/cm) respectively. (b,d,f) The corresponding schematic of fracture
mechanism for these three samples.

It is worth noting that the much-reduced elongation would make the prediction of service life
ineffective and lead to premature failure. In addition, as the stress concentration in the root side fusion
boundary may also lead to premature failure in highly stressed or fatigue conditions, it is highly
desirable and necessary to eliminate any stress concentration and avoid the formation of undercut
defect in the K-TIG welded joint. It is suggested that the heat input level be carefully monitored during
the welding process through either arc behaviour or other feedback signals described in the literature,
together with appropriate use of welding speed. The results presented in this study can be useful in
the real fabrication process and could be used as a guidance of parameter optimisation and quality
assurance for the K-TIG welding process.

4. Conclusions

1. Undercuts were easily produced when the travel speed was fixed at 34.2 cm/min, while wavy
ripples were experienced when the heat input was too high. The formation of hump in the weld
centre is a result of low heat input, which changes the profile of weld longitudinal cross section
and plasma trajectory inside the keyhole channel and leads to the exacerbation of undercut
formation. This indicates that both travel speed and heat input are the contributing factors for
undercut formation.

2. The tensile properties of the K-TIG welded joint were closely correlated to the weld formation.
The undercut defect decreased the elongation considerably by imposing stress concentration
and inducing delamination fracture mode. In addition, although the tensile properties were not
appreciably affected by the height of root side reinforcement, stress concentration tended to occur
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near the root side fusion boundary in the absence of appreciable reinforcement, which would
also affect the regular fracture route. The wavy ripples produced with high heat input had no
evident effect on the tensile properties. It is required that a combination of appropriate heat input
level and travel speed be selected, leading to the absence of undercut defect, either appreciable
root side reinforcement or a combination of post-weld surface treatment with the absence of
appreciable root side reinforcement. It has been demonstrated that the welding parameters
should be carefully controlled to avoid defect formation and maintain tensile properties in the
K-TIG-welded joint.
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Abstract: There is an increase in reducing the weight of structures through the use of aluminium
alloys in different industries like aerospace, automotive, etc. This growing interest will lead towards
using dissimilar aluminium alloys which will require welding. Currently, tungsten inert gas welding
and friction stir welding are the well-known techniques suitable for joining dissimilar aluminium
alloys. The welding of dissimilar alloys has its own dynamics which impact on the quality of the weld.
This then suggests that there should be a process which can be used to improve the welds of dissimilar
alloys post their production. Friction stir processing is viewed as one of the techniques that could
be used to improve the mechanical properties of a material. This paper reports on the status
and the advancement of friction stir welding, tungsten inert gas welding and the friction stir
processing technique. It further looks at the variation use of friction stir processing on tungsten inert
gas and friction stir welded joints with the purpose of identifying the knowledge gap.

Keywords: friction stir welding; tungsten inert gas welding; friction stir processing;
dissimilar aluminium alloys joints; dissimilar metal joints

1. Introduction

Aluminium alloys are known to be good candidates for different applications in various fields
like aerospace, food packaging, automotive industries, etc. Their good candidacy came from the fact
that these metals are light in weight, have good mechanical properties, good corrosion resistance, etc.
Various aluminium alloys possess different mechanical and thermal properties and these differences
are influenced by the alloying elements used in producing each alloy [1,2]. Most industries are opting
towards using dissimilar alloys in producing various components. This option is meant to reduce
the costs that are involved in using similar alloys [3]. In as much as this approach is a cost-saving
measure, however, there are also challenges associated with it. This includes the welding technique
suitable at welding dissimilar alloys. The most used welding techniques involve tungsten inert gas
(TIG) welding and friction stir welding (FSW). The TIG welding technique has been dominant in
joining similar and dissimilar aluminium alloys until the birth of FSW.

There have been some challenges that were involved in joining dissimilar alloys through TIG
technique. Those challenges include porosity, solidification cracking, thermal residual stresses, etc.
These challenges have led to the discovering of the post-processing technique called friction stir
processing. Friction stir processing (FSP) is a technique used to modify the microstructure of a metal
through the use of a non-consumable rotating tool. FSP originated from friction stir welding which
was initially established by The Welding Institute. FSP uses the same principle as FSW but does not
join metals rather modifies the local microstructure in the near-surface layer of metals [4]. Figure 1
shows the schematic diagram of FSP and FSW techniques.
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(a) (b) 

Figure 1. (a) FSW (friction stir welding) and (b) FSP (Friction stir processing) technique.

FSP works by plunging a specific cylindrical non-consumable tool into the plate and kept
stationary for a few seconds. This is done so as to allow the stabilization in an input temperature
required for processing. The rotating tool gets released so that it travels along the surface of the metal
being processed. The tool travels from the start to the end of the plates resulting in the attainment
of the processing. When the processing is finished, the tool is then unplunged, leaving a small hole,
or rather travels to an offset distance to avoid leaving a hole. The side in which the tangential velocity
of the tool surface is parallel to the traverse direction is called the advancing side, and the non-parallel
side is called the retreating side [5,6].

This paper is aiming at reviewing the works that deals with the processing of similar and dissimilar
joints produced by the TIG and FSW welding techniques.

2. Review on Friction Stir Welding, TIG Welding and Friction Stir Processing

2.1. Friction Stir Welding of Similar and Dissimilar Alloys

Recent studies have revealed that the material positioning during FSW of dissimilar plays
an important role towards the strength of the weld. The good weld is produced when the hardest
material is positioned on the retreating side while keeping the softer one on the advancing side
during welding [7,8]. In an attempt towards analyzing the impact of material positioning during FSW
dissimilar alloys, various studies have been performed in this regard. Dilip et al. [9] have performed
the FSW of AA2219-T87 and AA5083-321 with the aim of performing the microstructural analysis
of the joint. The weaker material (AA2219-T87) was positioned on the advancing side while the stronger
material (AA5083-H321) was kept on the retreating side. The microstructural analysis revealed that
the joint and the retreating side were dominated by the material which was placed on the advancing
side (AA2219-T87). The microhardness value corresponding to the weaker material was observed on
the retreating side where most tensile failure occurred.

Friction stir welding of the 3 mm thick AZ31B magnesium alloy and AA5052-H32 was performed
by Taiki et al. [10]. The aluminium plate was positioned on the advancing side and magnesium (Mg)
plate on the retreating side during welding. There was a variation in welding speed and tool speed.
The microstructure analysis revealed that the joint was dominated by the AA5052-H32. It was also
noted from the microstructural analysis that the dominating AA5052 had refined grains compared to
parent material although the hardness value dropped compared to AA5052-H32 base metal. Hardness
distributions of the cross-section revealed that the intermetallic compounds (IMCs) partly existed
in the stir zone (SZ). All the samples failed at the center of the joint during tensile tests analysis.
This failure location showed that the joint was dominated by the material that was positioned on
the advancing side during welding.

Cavaliere & Panella, [11] conducted a study on the effect of tool position on fatigue properties
of dissimilar 4 mm thick AA2024 and AA7075 plates joined by FSW. The AA2024 was positioned on
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the advancing side while AA7075 was kept on the retreating side. The joint attained when the tool was
positioned 1 mm off the center (towards AA7075) had a higher hardness value compared to the joint
attained when tool was 1.5 mm off the center of the weld. The maximum tensile properties of both
joints were lower than the parent materials. Both joints revealed a ductile failure mode characterized
by the presence of very fine dimples. The strong effect on fatigue crack growth was attributed to
the positive fracture resistance (Kr) value measured on the cross-section of the different welds.

Peng et al. [12] performed friction stir welded on the 5 mm AA5A06-H112 and AA6061-T651
plates. This welding was performed under controlled cooling conditions i.e., forced air cooling
(FAC) and natural cooling (NC) conditions. The AA5A06-H112 was positioned on the advancing
side while AA6061-T651 was kept on the retreating side. The 0.5 MPa pressure was used to blow
the air towards the welding direction which then intersected the surface of materials at angle of 30◦.
The microstructural analysis and microhardness test results for the joint produced under FAC were
found to be higher compared to those that of the joint produced under NC condition. The tensile results
for the joint produced under FAC condition were 10% higher than those produced at NC condition.
The joint produced under NC condition had coarser grains compared to the joint produced under FAC
condition. Both joints had ductile failure mode but the dimple size for the joint produced under FAC
were higher than the joint produced under NC condition.

Shah et al. [13] investigated the influence of the tool eccentricity towards the friction stir welded
dissimilar metals joint quality. They discovered that placing the stronger material on the advancing
side improves the tensile strength and the percentage elongation of the joint. Their metallurgical
analysis revealed that the tool eccentricity also plays a vital role towards the material flow however,
there are some limitations when it comes to material mixing. The analysis of the joint formed when
two dissimilar alloys are used in friction stir welding normally focuses on the mechanical properties.
However, Giraud et al. [14] have gone to the extent of analyzing the compounds that are being formed
during the FSW of dissimilar alloys. They have discovered that there are intermetallic compounds
(IMCs) that are formed during the FSW of dissimilar alloys. These IMCs have a brittle nature which
could lead to greater mechanical weakness.

Khodir and Shibayanagi [15] assessed the joint formed when AA2024-T3 was friction stir welded
with AZ31 magnesium alloy. Their study involved the variation of welding speed at a constant rotational
speed. The AA2024-T3 was located on the advancing side for all the welding. The microstructural
analysis revealed that the increase in welding speed impacted the phase redistribution in the stir zone.
The AA2024-T3 was distributed towards the lower regions of the stir zone while the AZ31 dominated
the upper regions below the tool shoulder of the stir zone. The microstructural analysis also revealed
a consistent formation of laminates structures in the SZ near the advancing side boundary between SZ
and thermal affected zone (TMAZ) which were independent from welding speed variation. There were
also intermetallic compounds that were formed in the SZ which contributed towards the fluctuation
of the hardness distribution.

Rodriguez et al. [16] have friction stir welded AA6061-T6 and AA7050-T7451 with the purpose
of assessing the microstructure and mechanical properties of the dissimilar welded joint. Their study
involved the variation of rotational speed while keeping the welding speed constant. The AA7050-T7451
was positioned on the advancing side while AA6061–T6 was kept on the retreating side during welding.
Tensile analysis revealed that the joints produced at lower speed were weaker than the base metals
hence the fracture occurred at the SZ. The joints that were produced at higher rotational speed were
stronger than AA6061-T6 base metal hence the fracture occurred consistently towards the AA6061-T6.
The variation in fracture location was found to be directly linked with the material mixing at
the SZ. The microstructural analysis revealed the ductile mode of failure. Moreover, the energy
dispersive X-ray spectroscopy (EDS) results reveal the existence of three distinct layers where layer
1 had a nominal composition of AA6061, layer 2 had a composition of AA7050 and layer 3 had
the combination of the two. Similar results were reported by Gou et al. [17] when they performed FSW
on dissimilar AA6061-AA7075.
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Mofid et al. [18] performed a study on the friction stir welding of the 3-mm thick AZ31C-O
magnesium alloy to AA5083 in air and under nitrogen liquid. Their study involved the tracking
of the temperature profile during welding and they attained this through the installation
of thermocouples. There was a notable decrease in IMCs formation for the joints produced under
liquid nitrogen compared to joints produced through air. The X-ray diffraction (XRD) analysis results
exhibited the intermetallic phases of Al3Mg2, Al12Mg17 and Al2Mg3. The stir zone of the welds
produced under nitrogen atmosphere showed a smoother interface compared to welds produced
through air atmosphere. The attained maximum temperature during the welding was 676 K and 651 K
respectively during air weld and under water weld.

Friction stir welding of AA2024-T365 and AA5083-H111 was performed by El-Hafez
and El-Megharbel [19]. Variation in process parameters and pin profiles were employed with
the purpose of analyzing their influence to the microstructure and tensile properties. The stronger
material (AA2024-T365) was positioned on the advancing side throughout the welding. The combination
of the highest speeds of 1120 rpm and 1400 rpm with 80 mm/min achieved the best strength and joint
efficiency of 90% and this was due to sufficient heat being generated. Square pin profile produced
higher strength joints compared to triangular and stepped profiles. Locating AA2024 on the advancing
side (AS) played a significant role towards joint strength improvement. Cole et al. [20] also reported
that the material placed on the advancing side dominates a major portion of the weld zone.

Vivekanandan et al. [21] used vertical milling machine for the friction stir welding of AA6035
and AA8011 with the aim of evaluating the mechanical properties of the dissimilar weld joint.
The varying welding speed at a constant rotational speed was employed throughout the welding.
The welds produced at the welding speed of 60 mm/min were found to be the best results compared to
other speed combinations. This parameter combination produced fine grains at the center of the weld
which contributed to the increase in hardness value. The dissimilar friction stir welding of undiluted
copper and AA1350 sheet with a thickness of 3 mm was investigated by Li et al. [22]. The AA1350
was placed on the advancing side throughout the welding performance. The microstructural results
in the nugget zone showed the vortex-like pattern and lamella structure. There was no formation
of IMCs in the nugget zone. The hardness dispersion revealed that the hardness on the copper side
was higher than that on the AA1350 side and the hardness at the bottom of the nugget was generally
higher than those previously mentioned. The tensile properties of the dissimilar welds were all lower
than those of the base metals. A ductile-brittle mixed fracture surface was observed on the dissimilar
joints of the tensile tested specimens.

Friction stir welding was applied on the 1.3 mm thick stiffened AA2024-T3 panels with the aim to
analyze the crack growth behaviour [23]. The experimental tests were correlated to linear elastic finite
element method and dual boundary element method (DBEM). It was found that the DBEM showed
better results and accurate as the stress level increased as the crack was approaching the stiffener.
A Similar study was conducted by Citarella et al. [24] using a hybrid technique to assess the fatigue
performance of multiple cracked friction stir welded AA2024-T3 joints. The crack propagation
experimental tests were evaluated using the contour method in order to analyze the distribution
of the residual. The metallographic analysis results showed a visible initial defect which led to
initial crack for the simulation. The experimental fracture surface confirmed the crack propagation.
The numerical crack was comparable to fatigue area shown by the post- mortem fractography.

Sheng et al. [25] used friction stir welding technique to join the AA6005—T4 plates with
the purpose of investigating the weldability, microstructure and mechanical properties of the said
alloy. The microstructural analysis results showed recrystallized grains in the nugget zone with
equiaxed grain sizes of about 2.2 μm. The maximum ultimate tensile strength of about 174 MPa
equivalent to 83.8% of the base material was obtained. A microhardness was reduced to 58 HV0.2
by the dissolution of phase β. In another study, an impact of using a bobbin type tool in friction stir
welding of AA6082-T6 plates at different rotational speeds was investigated [26]. This investigation
involved the variation of tool rotational speed. The tensile strength was found to be increasing linearly
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with rotational speed. However, it was discovered that the tensile strength reached its maximum when
the rotational speed of 800 rpm was employed. The tensile strain of 7.9% was achieved at the same
rotational speed. However, the strength and hardness were found to be having an inverse relationship
with the increment of heat input at the speed beyond 800 rpm. The fractographic results showed
a dimple fracture with white second phase particles of AlFeMnSi.

The 6 mm thick sheets of AA6061 and AA5086 were friction stir welded together to analyze
the evolution of microstructure in the stir zone and its influence on tensile properties of the joints [27].
The welding parameters used were the rotational speed of 500 rpm, traverse speed of 35 mm/min
and the axial force of 4.9 kN. The tensile properties of the joints correlated with microstructural features
and microhardness values. The dissimilar joint exhibited a maximum hardness of 115 HV and a joint
efficiency of 56% which was higher than the hardness of the base metals. This was attributed to
the defect-free stir zone formation and grain size strengthening. Table 1 below give a tabulated review
of the above literature. The idea behind the incorporation of this table is to show the typical positioning
of the materials during welding of dissimilar materials and alloys. Table 1 also shows the mostly used
tool material and tool profile in performing welding of dissimilar alloys/materials.

Table 1. Friction stir welding of dissimilar materials/alloys (RS—Retreating side, AS—Advancing side,
SZ—Stir zone, TRS—Tool rotational speed, WS—Welding speed, El—Elongation, YS—Yield strength,
JE—Joint efficiency, NS—Not specified.).

Material Used FSW Tool Welding Parameters
Material

Positioning
Comments Reference

AA2219-T87
and AA5083-H321

Material—M2 grade
tool steel, straight
cylindrical shape.

TRS—650 rpm,
WS—55 mm/min,

Axial load—9.8 kN.

AS—AA2219-T87,
RS—AA5083-H321

Maximum UTS: 265 MPa,
YS: 228 MPa, El 13,

JE—61%
[9]

AA5052H
and AZ31B JIS SKD61 tool steel

Optimum:
TRS—1000 rpm,

WS—200 mm/min,
Tool tilt 3◦

AS—AA5052,
RS—AZ31

The maximum UTS—147
MPa, YS—64 MPa,
El—3.4%, JE—61%,

microhardness—60 HV.

[10]

AA5052-H32
and AA6061-T651

Material—H13 steel,
M6-threaded tool

with tri-flats
and an 8◦ taper.

TRS—1120 rpm,
WS—90 mm/min,

Tool tilt 2.5◦,
Dwell time 10 s

AS—AA6061
and RS—AA5052,

AS—AA5052
and RS—AA6061

Better results with AA6061
on the AS. Maximum

UTS—215.2 MPa, YS—141
MPa and El of 7.6%,

microhardness
SZ—~80 HV.

[13]

AA2024-T3
and AZ31

SKD61 Tool
steel (threaded).

TRS—2500 rev/min,
WS—200, 300, 400
and 550 mm/min,

AS—AA2024-T3
and RS—AZ31

In the HAZ AND TMAZ
of AA2040A hardness

distribution was
significantly affected by

increasing welding speed
HAZ and TMAZ of 2024 A

[15]

AA5086-O
and AA6061-T6

High speed steel,
straight cylindrical,
threaded cylindrical
and tapered cylindrical

AA6061-AA6061:
TRS—1300 rpm to

1200 rpm
and WS—35

mm/min, axial
force—6 kN,

AA5086-AA5086:
TRS—500 rpm,

WS—5 mm/min,
axial force—4.6 kN

AS—AA5086,
RS—AA6061

Dissimilar joint at TRS
of 500 rpm and WS of 10

mm/min. cylindrical plain
tool resulted in Maximum
UTS—140 MPa, YS—120
MPa, El—5.5%, JE—56%.

[27]

2.2. TIG Welding of Similar and Dissimilar Alloys and Metals

One of the most critical factor to consider for TIG welding is the filler metal, which mainly
depends on the alloys to be welded. Ishak et al. [28] investigated the welding of dissimilar AA6061
and AA7075 using different filler metals, i.e., ER4043 (Si-reach) and ER5356 (Mg–reach). The depth
analysis revealed that ER5356 penetrated deeper compared to the ER4043 and the depth of penetration
plays an important role towards the strength of the weld or joint. The microstructural analysis revealed
the existence of fusion zones that are normally identified on dissimilar TIG joints. The fusion zone (FZ)
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filled with ER5356 had finer grain sizes compared to the FZ filled with ER4043. Average hardness
values for ER5356 filler specimens were higher compared to ER4043 filler specimens. TIG welding
using the ER5356 filler yielded better joint compared to ER4043.

Borrisutthekul et al. [29] have evaluated the feasibility of using TIG welding technique in joining
the dissimilar materials, i.e., steel plate and aluminium alloy plate. The microstructural analysis
reveal that there was an existence of fusion zone (FZ) and heat affected zone (HAZ) which are
the characteristics of the TIG welding. All the specimens were fractured on the same location during
the tensile analysis, i.e., HAZ of aluminium alloy side. This type of behaviour was due to the growth
of grain sizes that were observed through microstructural analysis. The existence of intermetallic
reaction layers was also observed during the microstructural analysis.

Most studies that are studying different aspects of welding seem to be dominated by mostly
two dissimilar aluminium alloys, i.e., AA5083 and AA6061 [30–35]. Waleed and Subbaiah [30]
have evaluated the effect of using ER4047 filler rod in welding aluminium alloys AA5083-H111
and AA6061-T6. Similar analysis was also performed by other researchers with the focus on different
aspects and different welding parameters on different grades of AA5083 [31–35]. Waleed and Subbaiah
focused on analyzing the mechanical behaviour of the joint formed through the use of ER4047
filler rod. The tensile strength of the joint was lower than that of the base metals. The hardness
value of the joint was varying in each side of the joint. This variation was caused by the formation
of the magnesium-silicon (Mg2Si) precipitates on the AA6061 side. The microstructural analysis
showed the elongation of grains towards the rolling direction. There was also an existence of cavities
and micro-pores at the intersection point of the weld. There was a notable decrease in ductility and this
decrease was caused by the presence of columnar grain.

In another study, the AA2195 was joined using the ultrasonic assisted TIG welding with the aim
of analyzing the weld characteristics in terms of size and porosity [36]. It was found that the pores existed
at the weld adjacent to the surface. The size of the porosity was found to increase with the decrease in
welding speed. Additionally, the increase in ultrasonic power resulted to the decrease in weld porosity.
Wang et al. [37] used the TIG welding technique to fabricate the AA7A05-T6/AA5A06-O dissimilar joint
in order to study the mechanical properties of the said joint. The results revealed that the dissimilar
joint had a tensile strength which was 78.8% and yield strength of 97.24% of the base metal (AA5A06-O).
The elongation was about 84.29%to that of the base metal AA7A05-T6. The microstructural analysis
results showed a coarse grain sizes due to high heat input which resulted in hardness and strength drop.

Narayanan et al. [38] have evaluated the impact of TIG welding parameter variation on the AA5083
joints. The welding current and the shielding gas flow rate were the two parameters that were being
varied for the duration of the study. The tensile results and the hardness value for the joint was
lower than that of the commercial base metal. The microstructural analysis showed that the grains
in the HAZ region were coarser compared to the base metal hence the brittle failure. The welding
quality improvement of AA6031 plates using an automated TIG welding system was performed by
Mohan [39]. The mechanical analysis showed that the joint performance was found to be way lower
than that of the base metal. There was an inverse proportionality observed between the welding speed
and the tensile strength of the joint. There was also a variation of hardness value across the weld.

Automated pulse TIG welding using AA5083 and AA6061 dissimilar plates was performed by
Baghel & Nagesh, [40]. The main purpose was to evaluate the mechanical behaviour of the joint formed
through this technique. The radiographical analysis revealed the presence of porosities which were
caused by the lack of proper penetration. The tensile results for the joint were lower than the base metal.
There was a variation of hardness value which was caused by non-uniformity of the grain sizes across
the weld. The surface fracture exhibited the ductile failure mode. The impact of the welding speed
variation towards the quality of the AA5083 TIG welded joints was analyzed by KumarSingh et al. [41].
All the other parameters were kept constant but only the welding speed that was varying. The tensile
results showed a linear relationship with the welding speed until 100 mm/min. The notable decrease in
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tensile results was observed at the welding speed beyond 100 mm/min. The microstructure of the weld
pool showed a refined grain size in comparison to the base metal.

TIG welding of dissimilar AA2014 and AA5083 was investigated by Sayer et al. [42]. One-sided
TIG welding was applied with two passes. The microstructural analysis results in the weld region
showed nonhomogeneous less equiaxed grain distribution with bigger diameters when compared
to AA2014 and AA5083-O base metals. The grain size increase was said to be due to severe heat
input. The tensile test results were lower than those of base metal. The tensile test specimens fractured
in the welded region revealing brittle mode of failure. There was a variation in hardness across
the weld with a sharp decrease at the center. This sharp decrease at the center was caused by the high
silicon content in the filler material which dominated the center of the weld. Singh et al. [43] reported
the mechanical properties of TIG welding at different parameters with and without the use of flux.
The welding parameters used were all varied with the purpose of determining the optimal welding
parameter combination. The variation of current effected the decrease in hardness value of the joint.
The hardness values for joint formed with flux were higher compared to those formed without flux.

Dissimilar AA7075-T651 and AA6061-T6 plates were TIG welded with the aim of investigating
the hardness of the center of the weld joint [44]. The Al-Si alloy filler wire type was used in performing
all the welding. The maximum hardness value for the joint was found to be lower than that of the base
metals. There were voids that were observed through microstructural analysis. Kumar et al. [45]
also discovered that the use of pulsed current during TIG welding improves the mechanical properties
of the welded joint in comparison to continuous current welded ones. This was found to be caused by
the microstructural grain refinement which occurs in the fusion zone. Table 2 summarizes the mostly
studied welding parameters during welding similar and dissimilar alloys/materials. It also shows
the typical plates profile and filer wire used for different analysis.

Table 2. TIG welding of dissimilar materials/alloys. (WC—welding current, WS—welding speed,
Q—gas flow rate, FZ—fusion zone, YS—yield strength, V—voltage, F—frequency, FW—filler wire,
BM—base metal, UP—ultrasonic power, NS—not specified).

Material Used Thickness Welding Parameters Comments Reference

AA2195 2 mm

Ultrasonic TIG welding
and ordinary TIG,

Q—15 L/min, WC—70 A,
WS—100 to 200 mm/min,
UP—0 to 40 W, F—35 kHz

Porosity decreases with a decrease
in welding speed for normal TIG.
Porosity and pore size in UP TIG
first decrease and increase with

an increase in the UP.

[36]

AA5A06-O
and AA7A05-T6 NS

Butt joint TIG, FW—ER5356,
WC—260 A, V—25 V,

WS—200 mm/min,
Q—24 L/min,

SG—99.99% argon.

The maximum UTS—78.87% BM,
YS—97.24% BM, El—84.29%

of BM, JE—61%, FZ had coarse
grains resulted to 120 HV

microhardness.

[37]

AA2014
and AA5083 5 mm

V joint, Q—10 L/min,
SG—argon, V—14 V,
WC—140 to 150 A,

FW—TAL 4043

Maximum UTS—175 MPa,
YS—128 MPa and El of 2.6%,
microhardness SZ—~125 HV.

[42]

AA5083-O
and AA6061-T651 6.35 mm

60◦ groove weld joint,
FW—ER 5356, SG—pure

argon, V—13.2 V,
Q—6 L/min,

WS—155 mm/min, WC—105
to 175 A, F—2 Hz.

FZ microhardness increased with
higher cooling rate, finer dimples,

higher YS and UTS.
[40]

AA5083 3 mm

Pulsed TIG, WC—118 to
134 A, WS—90 to

105 mm/min, Q—of 6 to
7 L/min

Maximum UTS at WC—134 A,
with Q—7 L/min

and WS—98 mm/min. Fused
welding seams.

[41]
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2.3. Friction Stir Processing of Similar/Dissimilar Alloys/Metals

Friction stir processing is a fairly new material processing technique. This then suggests that there
are many works that are still in progress focusing in different aspects of this new technique. This involves
the processing of plates and welded joints. The evaluation of the mechanical properties of the friction
stir processed dissimilar AA2024 and AA6061 welded joint was performed by Hameed et al. [46].
The friction stir processed joints used were formed through the use of FSW technique. The authors did
the mechanical analysis of the processed joint in comparison with the unprocessed joints. The parameters
used in performing the processing were similar to those used to perform FSW. The tensile properties
of the processed joint were higher than the unprocessed joint. The hardness value for the processed
joint was higher than the unprocessed joint. The microstructural analysis for processed joint reveal
finer grain sizes compared to the unprocessed one.

Karthikeyan and Kumar, [47] studied the relationship between process parameters and mechanical
properties of a single pass friction stir processed AA6063-T6 plate. Processing was performed at different
axial forces, traverse speeds and tool rotational speeds. The tensile results revealed a linear relationship
with the axial force than any other parameter used. The improvement in ductility was found to
be linearly depending on the axial force than on the other parameters. The impact of applying
the FSP on 6 mm AA6056-T4 plates was investigated by Hannard et al. [48]. It is well known
that the ductility of each material plays a very crucial role towards the formability of the material
and the chosen material is mostly used in forming different components and structures. Hannard
et al. discovered that the ductility of the plate increased with the increase in number of processing
pulses. The existence of pores from the base metal was suppressed completely by the increase in
multi-pass FSP. The multi-pass FSP was found to be the method in breaking the intermetallic particles
and to redistribute them homogenously. Hannard et al. work have proven that the proper processing
of the material occurs when the multi-pass FSP is used.

Mazaheri et al. [49] have shown the capabilities of FSP in producing surface composites.
This capability was tested when they used the FSP technique to produce the A356/A2O3 surface
composites. The microstructural analysis results of the A356/A2O3 indicated that A2O3 particles were
well distributed in the aluminium matrix, and good bonding was also observed. The nanoindentation
technique revealed that the microhardness for A356/A2O3 and A356–nA2O3 surface composites was
higher than the samples processed without A2O3 particles and the as–received A356 material. A similar
study was performed by Kalashnikova and Chumaevskii [50] where they used the FSP technique
to develop surface composite between titanium carbide (TiC) and AA6082. The microhardness
of the composite was found to be higher compared to the AA6082 metal. The tensile properties
of the composite were found to be matching those of AA6082.

The effect of FSP on AA2024-T3 was studied by Hashim et al. [51]. The performance of the FSP
was based on the pin-less cylindrical shoulder. The hardness results revealed that the application
of FSP increased the hardness of the processed sample compared to the base material. There was
also a notable increase in tensile properties of the processed sample compared to the base metal.
The microstructural grain size was also refined compared to the base metal and this was found to be in
correlation with tensile results.

The impact of FSP technique on the mechanical properties of cast Al-Si base alloy was analyzed
by Tsai and Kao [52]. The tensile properties of cast AC8A alloy were improved after FSP, particularly
the tensile elongation, which increased from <1% to 15.4%. FSP resulted in improvement of the tensile
strength as the result of a combination of dissolution, coarsening and strengthening precipitates,
which were attained by the FSP parameters. Jana et al. [53] investigated the FSP effect on fatigue
behaviour of the cast Al–7Si–0.6 Mg alloy. The results showed five times improvement in fatigue
life for a hypoeutectic Al–Si–Mg cast alloy. FSP eliminated the porosities and refined the silicon (Si)
particles resulting in a decrease of the crack growth rate. In addition, FSP resulted in both break-ups
of the dendritic microstructure and complex material mixing.
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Kurt et al. [54] performed FSP on the aluminium alloy AA1050 to improve respective mechanical
properties. Samples were subjected to the various tool rotating and traverse rates with and without
silicon carbide (SiC) powders. The optimum processing parameters that were found to give better
results were the rotational speed of 1000 rpm and traverse speed of 20 mm/min. The results revealed
that FSP reduced the AA1050 grain size, which subsequently increased its hardness. A good dispersion
of SiC was obtained and a good formation of composite layer. The hardness of the formed composite
surfaces was improved significantly compared to that of base metal. Bending strength of the produced
metal matrix composite was significantly higher than that of the processed specimen and untreated
base metal.

The impact of using various chromium molybdenum (Cr-Mo) steel tool profiles in performing
the FSP on AA2014 was studied by John et al. [55]. The hexagonal profile was found to be the best profile
in producing good mechanical properties of the processed sample. The highest value for the hardness
was also achieved through the hexagonal pin profile. The hexagonal pin profile was found to be suitable
in producing highly refined grains compared to other profiles tested in the study. The influence of FSP
on the microstructure and mechanical properties in terms of hardness for AA6061 sheet was investigated
by Prakash and Sasikumar [56]. The cylindrical shaped high steel tool was employed in performing
the multi-pass FSP. The microstructural evaluation reveal that the grain size of the processed specimens
was 70% smaller than the base metal. There was also a linear relationship between the hardness
value and the number of pulses used. The tensile properties were found to be linearly depending
on the number of pulses used during FSP.

Sinhmar et al. [57] have analyzed comparatively the mechanical properties of the processed
and unprocessed AA7039. The modified surfaces were characterized in respect to macrostructure,
microstructure, hardness and tensile properties. The results showed an increase in ductility from about
13.5% to 23.6% while the ultimate and yield strength were adversely affected. The results showed
higher ductility on the longitudinal direction than in traverse direction. The multi-pass friction stir
processing produced higher hardness than the single pass one. Santella et al. [58] showed that FSP
created a uniform distribution of broken second-phase particles of A319 and A356 and eliminated
the coarse and heterogeneous structure of the alloys. The study was performed to assess the mechanical
properties and reported that the tensile and fatigue behaviour of the material were improved with friction
stir technique. The transmission electron microscopy (TEM) observations revealed the generation
of a fine-grained structure of 5–8 μm for FSP A356. Furthermore, TEM examinations revealed that
the coarse Mg2Si precipitates in the as-cast A356 sample disappeared after FSP, indicating the dissolution
of most of the Mg2Si precipitates during FSP. FSP was found to be generally beneficial for dissolution
of precipitates and structure homogenization [59].

Wrought AA5059 was friction stir processed by Izadi et al. [60] with the purpose of finding the best
tool profile suitable for such class of aluminium alloy. Amongst the profile tested, the 3-flat threaded
pin profile outshine the profile in all aspects. The microstructural analysis revealed that the average
grain sizes were about 1.24 μm and this size was far less than the grains of the base metal. This grain
size contributed towards the improvement of the microhardness. The yield strength and the ultimate
tensile stress were also found to be higher than the base metal. The percentage elongation was also
found to be higher than 25%. Ni et al. [61] have used FSP to modify the surface of cast Mg-9Al-1Zn alloy.
The processed specimens were found to be defect free with fine-grain microstructure dominated by
fine β-Mg17Al12 particles. The fatigue properties of the processed specimens were found to be higher
than the base metal. The employment of FSP resulted to the transformation of quasi-cleavage fracture
to dimple fracture. It was also found that the employment of FSP brought about the suppression
of porosities and coarse β particles.

Sakurada et al. [62] were the first to perform a study on underwater FSW on AA6061. Their results
showed that it was possible to generate enough friction for processing even though the workpieces
were underwater. The stirred region of the underwater weld joint showed a finer microstructure in
comparison to the one exposed to room temperature air conditions. The hardness of the underwater
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specimens was found to be relatively higher than those of the room temperature based specimens.
Hofmann & Vecchio [63] studied the effect of submerging FSP on the grain size of AA6061-T6
compared to in air FSP. Their results showed that more grain refinement was attained under submerged
conditions due to a faster cooling rate. They also demonstrated the feasibility of predicting the grain
size of the processed specimens through the use of boundary migration model.

Zhang et al. [64] performed the joint analysis produced through the processing that was performed
under water. They used variation in rotational speed in assessing the joint quality. They discovered that
the fracture of the underwater joints was mostly dependent on the tool rotational speed. Their tensile
analysis results showed a linear relationship with the rotational speed. Darras & Kishta [65] investigated
the friction stir processing of AZ31 magnesium alloy in normal and submerged conditions. There were
three condition used in performing the analysis of the joints i.e., air, hot underwater and cold underwater.
The grain size for the cold underwater specimens was relatively smaller than the specimens produced
at other different conditions. The thermal results revealed that the highest peak temperature for weld
was in air-based processing compared to the other conditions. The longest processing duration was
found when the processing was performed on air. Sabari et al. [66] have performed similar study on
different material and processing parameters. They reported that the higher temperature gradient
(along transverse and longitudinal weld axis) and higher cooling rate in underwater friction stir welds
were a result of uniform heat absorption capacity of water when compared to the air-cooled welds.

El-Danaf et al. [67] have used commercial AA5083 rolled plates in analyzing the impact of FSP
towards the ductility and the grain size of the processed specimens. The microstructure analysis
showed a fine grain and an average disorientation angle of about 24◦. Ductility was enhanced with
a factor ranging between 2.6 and 5 when compared to the base metal. The strain rate sensitivity
of the processed material was 0.33 while for the base metal was 0.018. Akinlabi et al. [68] investigated
the effect of the tool rotational and traverse speeds as well as the number of passes on tribological
characteristics of the modified surfaces. The FSPed samples exhibited lower wear rates than the as-cast
A390 hypereutectic Al–Si alloy. The wear rates were found to decrease by reducing the tool rotational
speed while increasing the tool traverse speed. There was a notable inverse correlation between
the wear rate and the number of FSP passes.

Toma et al. [69] investigated the effect of FSP tool cutting depth on the mechanical properties
of AA6061-T6. The cylindrical tool without the pin was employed in performing this analysis.
The hardness was found to be increasing with the increase in cutting depth. The engineering flaws
granules became smaller and the size of these granules increased with cutting depth. The tensile
properties of the processed specimens were found to be improving with the increase in cutting depth.
Abrahams et al. [70] investigated the properties and microstructure of friction stir processed 7075-T651
using various tool designs. Trials were conducted on AA5005-H34 with the aim of determining
the most suitable FSP tool design out of all the considered pin profiles. Fully recrystallized fine
microstructure and a defect free processed zone were achieved through the use of some of the FSP
pin profiles. The grain sizes were reduced from the initial 192 μm pancake-like microstructure for
AA5005-H34 base material to the range between 10 and 20 μm in the processed regions. The similar
behaviour was also observed on the case of AA7075-T651. The traverse speed had a greater influence
on the microhardness and mechanical properties compared to the tool rotational speed. It was also
discovered the traverse speed suppressed the precipitates free zones which have negative impact
towards the mechanical properties of the material.

The effect of the processing parameters of friction stir processing on the microstructure
and mechanical properties of AA6063 was performed by Zhao et al. [71]. Post FSP produced
fine equiaxed α-Al grains formed in the weld nugget of AA6063. The size of those α-Al grains was
increasing with the increase in rotational speed. Tunnel defects were observed in the TMAZ region for
a low tool rotation speed. When the rotational speed exceeded 700 rpm, a good combination interface
was formed between the weld nugget (WN) and the TMAZ. Electron backscatter diffraction results
showed that the fraction of the high-angle grain boundary was increased after FSP in the WN. The TEM
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analysis results showed that the densities of needle-shaped precipitates were reduced in the WN.
There was an observed linear relationship between the ultimate tensile strength (UTS) and the tool
rotational speed.

Rouzebehani et al. [72] have used AA7075 plate to perform FSP underwater and room temperature
with the purpose of analyzing the metallurgical and mechanical properties. The variable process
parameters were used. The temperature during FSP was monitored and recorded using the K-type
thermocouple placed underneath the plate close to the abutting line of the workpiece. The average
grain and precipitate sizes of the weld nugget zones were significantly reduced by the submerged
conditions. The best metallurgical and mechanical properties were achieved when the processing
was performed under water. There are numerous attempts that are being reported where the FSP
technique is being utilized to produce surface composite. These attempts look into different alloys
of aluminium and different dopants. Singh et al. [73] have produced surface composite through the use
of FSP technique. The approach used by Singh et al. was to deposit SiC particles inside the holes
drilled on the surface of AA6063 plate. The microhardness of the fabricated composite was relatively
high compared to the one for the base metal. It was discovered that the increase in microhardness was
due to the pining effect of hard SiC particles. The good bonding between the SiC particles and AA6063
results to the improvement of tensile strength of the composite when compared with base metal.

The microstructural modification of AA206 through the use of FSP was also reported
by Sun et al. [74]. This modification was performed so as to comparatively evaluate the mechanical
properties of processed and unprocessed AA206 material. A 6.26 mm and 16 mm thick plates were
used for tensile and fatigue test respectively. The two key processing parameters were tool rotation
speed and tool traverse speed. The results showed an increase in both yield strength and UTS after FSP
when compared to those of the base metal. There was a notable improvement in yield strength and UTS
on the processed plates compared to the base material. The percentage of elongation and fatigue
strength also increased compared to the unprocessed ones.

Thakral et al. [75] used FSP to enhance the tensile properties and hardness of the TIG welded
AA6061-T6 joint. Tensile results showed that the average UTS value for the base metal was 299 MPa,
85 MPa for the TIG welded joint and 125 MPa for the friction stir processed (FSPed) TIG welded
joint. An increase of 48% was reported on the UTS on the TIG welded joint. The hardness values
of FSP TIG specimen ranged from 72–74 HV which was almost similar to that of base metal which
was 74 HV whereas in TIG specimen hardness value ranged from 66–68 HV. Microstructural analysis
was performed on the weld zone to evaluate the effect of welding parameters on welding quality
and grain structure. The microstructure of FSPed TIG joint showed very fine equiaxed recrystallized
grains compared to the microstructure of TIG joint.

The effect of a single pass FSP on the mechanical properties and microstructure of the commercially
pure aluminium was investigated by Yadav and Bauri [76]. The grain size of the FSPed specimens
were way smaller than those of the base metal. The TEM results showed fine grains with well-defined
boundaries. The tensile results showed UTS increase of about 25% while the ductility decreased
by about 10%. The impurity particles observed in TEM resulted in the yield strength decrease.
The hardness also improved substantially compared to the base metal. Feng et al. [77] investigated
the effect of SFSP on the microstructure of the AA2219 sheet. The grain size on the stir zone was less
than that of the base metal (BM). The area fraction of the ultra-fine grains in the stir zone increased as
heat input decreased. The results showed a decrease in microhardness of the SFSP stir zone compared
to that of the unprocessed BM. The processed zone exhibited microhardness that was higher than that
of the base metal.

The 6-mm thick aluminium alloy AA6082 was subjected to underwater FSP to test the changes
in the UTS [78]. The high carbon high chromium steel rod of diameter 20 mm material was used
as the processing tool for this investigation. The result revealed that the maximum tensile strength
of the underwater joints was higher than that of the normal air. The effect of SFSP on the mechanical
and microstructural properties of 10 mm thick AA7075 was investigated by Nourbakhsk and Atrian [79].
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A thermocouple was used to record the temperature of water during the processing. The single pass
FSP was used in carrying out the analysis. The results obtained from the submerged processing were
similar to those obtained by other researchers [64,65,72]. Mabuwa and Msomi [80] used a single
pass FSP to improve the mechanical properties of the TIG and friction stir welded AA5083-H111
joints. The processing was performed under normal room conditions. The FSPed joints showed better
mechanical properties compared to the unprocessed ones. The DRX that happened during FSP resulted
in ultra-fine grain refinement of the FSPed joints. Table 3 presents typical summary of the friction stir
processed literature with the purpose of showing the mostly affected material property post friction stir
processing. Table 4 shows different types of tool that are used on FSP extracted from cited literature.
Figure 2 shows typical stress strain curves for the unprocessed and friction stir processed joints.

Table 3. Typical results of friction stir processed plate and joints. (TS—traverse speed, RTS—tool
rotational speed, UTS—ultimate tensile strength, SZ—stir zone, NS—not specified.).

Material Used FSP Tool Condition Surface/Joint
Processing
Parameters

Enhanced Property Reference

AA6063-T6 NS Normal surface

Optimum: TRS—1200
and 1400 rpm,

TS—40.2 mm/min,
axial force—10 kN

UTS, ductility,
microhardness [47]

AA6061 EN 31
steel Normal TIG welded

joint
TRS—1200 rpm,
TS—75 mm/min UTS, microhardness [75]

Pure Al (99.2%) M2 steel Normal (air) surface TRS—640 rpm,
TS—150 mm/min

significant
improvement in

UTS and hardness.
Marginal

increase in ductility

[76]

AA2219-T6 standard
tool steel Submerged Surface

TRS—600 to 800 rpm,
TS—200 mm/min,

Tool tilt 2.5◦

As the TRS increase
the SZ hardness

decreases;
Refinement
of grains.

[77]

AA7075 NS Submerged
and normal (air) Surface

TRS 800 and 1250
rpm, TS and 40
and 63 mm/min

Ductility; Tensile
strength; Uniform

grain sizes
[79]

AA5083-H111 high-carbon
steel Unsubmerged TIG joint,

FSW joint

TRS—1000 rpm
and TS—30 mm/min

Tool tilt 2◦

Ductility; Grain
sizes refined

and UTS
[80]

 

Figure 2. Tensile stress and strain curves for processed and unprocessed surface.
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Table 4. Typical FSP tools. (PL—Pin length, PD—Pin diameter, SD—Shoulder diameter, SL—Shoulder
length, PH—Pin height, NS—Not specified, SBPL—Square base pin length, CHL—Conical head length).

Material Processed
Tool

Material
Tool Profile Tool Dimensions Reference

A356 Aluminium H13 steel Threaded PL: 4 mm, PD: 3.6 mm, SD:
18 mm, SL: 10 mm. [49]

AC8A alloy NS NS SD—18 mm, PD—5.2 mm,
PH—2.7 mm, [52]

Cast F357 NS
Conical pin with

a stepped
spiral feature

PD—4 mm, PH—2 mm,
SD—12 mm, [53]

AA6061-T6 Alloy steel Concave shoulder SD—15 mm, [69]

AA6063-T5 H13 steel Conical pin
SD—18 mm, PL—5.7 mm,

end PD—4 mm, Root
PD—6 mm,

[71]

AA7075-T651
and AA5005-H34 NS Square base pin with

conical head

PL—3.2 mm, SD—14 mm,
PD—3.6 mm, SBPL—2.3

mm, CHL—3 mm.
[70]

AA7075-T651
and AA5005-H34

NS Pyramid shape PL—3.2 mm, PD—3 mm,
[70]NS Conical threaded PL—3.2 mm, PD—3 mm.

2.4. Advantages of Friction Stir Welding, TIG Welding and Friction Stir Processing

Table 5 presents the advantages of the friction stir welding, TIG welding and friction stir
processing techniques.

Table 5. Advantages of Friction stir welding, TIG welding and friction stir processing
(IMC—intermetallic compounds, BM—base materials, UFG—ultra-fine grains, DR—dynamic
recrystallization, El—elongation, YS—yield strength, UTS—ultimate tensile strength).

Feature Friction Stir Welding TIG Welding Friction Stir Processing

Environment

Considered as a green
technology technique,

due to its clean
and environment-friendly.
No toxic gas emission nor
radiation involved [81,82].

Uses gas (helium/argon)
[37,40,42].

Also a green technology since
same principle as from FSW.

Surface finish Good surface finish and no
welds finishing costs [83–85]

Weld joint with pores
and cracks [30,36,80].
Sometimes requires
grinding to get good

surface.

Good surface finishing
especially with pin-less tool
[86]. No pores or cracks on
FSPed welded joint [80,87].

Microstructure
evolution

uniform arrangement with
fine grains [13–15,17,80].

Nonhomogeneous, coarse
less equiaxed grain

distribution with bigger
diameters [30,37,42,80].

Thermal mechanical effects
and DRX during FSP results in
coarse grains transformation
to UFG. [52,54,60,70,87–91].

Microhardness

Microhardness of the joint
increased when compared to

base BM ones [11,27].
But remains circumstantially.

Microhardness decreases
[37–39].

FSP resulted in an increase in
hardness when compared to

the unprocessed surface
[89,90,92,93].

Tensile properties
(UTS, YS, El)

Tensile properties are mostly
lower when welding

dissimilar alloys due to
the formation of IMC

(circumstantial) compared to
the BM ones [10–13,15,21,94].

Tensile properties decrease
compared to BM ones

[38,40,41].

FSP also improves the tensile
properties of a material
[54,56,68,87]. Improved

ductility of the processed
surface in comparison to

the unprocessed one [80,95].
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2.5. Mostly Processed Welded Structures

Based on the literature cited the most friction stir processing has been performed to enhance
the properties of the base metal rather than welded joints. There are limited works [46,60] reporting on
processing the friction stir welded joints with only [76,80] reported on using FSP as a post processing
of the TIG and FSWed welded joints. No other searchable literature was obtained on post processing
for both FSW and TIG welded joints. This then suggest that there are more opportunities of exploring
the impact of employing FSP technique on TIG welded structures.

2.6. Mostly Processed Grades

The most processed aluminium alloy series based on the presented literature was 6xxx
(AA6061, AA6082, AA6063, AA6056), with AA6061 taking a lead. Following the 6xxx was the 7xxx
(AA7075, AA7039), 2xxx (AA2024, AA2219, AA2014) and the 5xxx (AA5005, AA5083, AA5059).

3. Concluding Remarks

In all the work that has been performed thus far, it has been noted that all the focus has been on FSP
as an enhancement technique on aluminium alloys, magnesium, and other alloys. It is also noticed that
the common mechanical properties analyzed include the tensile test, fatigue and microhardness. These
properties are studied correlatively with the microstructure. Very few works thus far, which considers
friction stir processing as a post weld processing technique for tungsten inert gas dissimilar alloy
welded joint. There is minimal to no trace of any literature on submerged friction stir processing
of tungsten inert gas and friction stir welded dissimilar alloy joints. Therefore, this opens an opportunity
for the exploration on the impact of friction stir processing and submerged friction stir processing
towards the properties of the friction stir welded and tungsten inert gas welded dissimilar joints.
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Abstract: High entropy alloys are one of the most exciting developments conceived in the materials
science field in the last years. These novel advanced engineering alloys exhibit a unique set of
properties, which include, among others, good mechanical performance under severe conditions in
a wide temperature range and high microstructural stability over long time periods. Owing to the
remarkable properties of these alloys, they can become expedite solutions for multiple structural
and functional applications. Nevertheless, like any other key engineering alloy, their capacity to be
welded, and thus become a permanent feature of a component or structure, is a fundamental issue
that needs to be addressed to further expand these alloys’ potential applications. In fact, welding
of high entropy alloys has attracted some interest recently. Therefore, it is important to compile
the available knowledge on the current state of the art on this topic in order to establish a starting
point for the further development of these alloys. In this article, an effort is made to acquire a
comprehensive knowledge on the overall progress on welding of different high entropy alloy systems
through a systematic review of both fusion-based and solid-state welding techniques. From the
current literature review, it can be perceived that welding of high entropy alloys is currently gaining
more interest. Several high entropy alloy systems have already been successfully welded. However,
most research works focus on the well-known CoCrFeMnNi. For this specific system, both fusion
and solid-state welding have been used, with no significant degradation of the joints’ mechanical
properties. Among the different welding techniques already employed, laser welding is predominant,
potentially due to the small size of its heat source. Overall, welding of high entropy alloys is still in its
infancy, though good perspectives are foreseen for the use of welded joints based on these materials
in structural applications.

Keywords: welding; high entropy alloys; laser welding; friction stir welding; microstructure; review

1. Introduction

Throughout recent years, high entropy alloys (HEAs) have arisen as a new reality in the advanced
materials domain. The motivation behind this innovative class of engineering materials was based
on the purpose of broadening the boundaries of knowledge in what concerns alloys with more than
one main constituent. This concept can be traced back to 2004, when the first papers concerning this
subject were published [1,2], whereas, at the present time, several other works [3–12] have also been
presented to extend the available information regarding HEAs.

Currently, a common definition for these alloys was introduced by one of the precursor works,
where high entropy alloys are described as metallic compounds with at least five principal elements,
with the percentage of each component varying between 5 and 35 at.% [2]. However, other definitions
include a wider range of materials, with different component amounts, which can also be considered
high entropy alloys [3]. Several review papers address and discuss the different nomenclatures
regarding high entropy alloys [3,13–17], and as such, we refrain from addressing this topic in this paper.
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As established by Yeh [18], these innovative multi-element compositions confer to these materials
four distinct core effects:

The “high entropy effect”, associated to the high configurational entropy that stabilizes the
formation of simple solid-state phases such as body-centered-cubic (BCC) or face-centered-cubic (FCC),
while inhibiting the development of brittle intermetallic compounds. However, it must be noted
that high entropy alloys can still exhibit brittle-like behavior, as evidenced for the AlCoCrCuFeNi
system [19].

The “lattice distortion effect”, that occurs due to the lack of a dominant element in the composition
of the alloy, resulting in different atoms of different sizes occupying the lattice positions of the crystal
structure, promoting its distortion and affecting the physical and mechanical properties of the alloy.
Depending on the selected atomic elements and their concentration, distinct phases, with potentially
different mechanical properties can form as evidenced in the work of Wu et al. [20]. As such, the lattice
distortion effect can be used to promote a phase over the other for specific alloy systems. Recent work
by He et al. [21] has shown that not only the atomic ratio of the element that compose the high entropy
alloy affect the lattice distortion, but the alloy Poisson ration must also be considered.

The “sluggish diffusion effect”, that constrains the atomic diffusion of the elements and inhibits
the phase transformations that require such phenomenon to occur. As a result, higher recrystallization
temperatures can be achieved, and formation of nano-precipitates and amorphous structures are
susceptible to occur, as such, second-phase precipitation only occurs after extremely long periods [22].
Bhattacharjee et al. [23] showed that heat treatments with the duration of 1 h at or below 800 ◦C in
severely deformed CoCrFeNiMn high entropy alloys would not result in any significant grain growth.
However, when the temperature was of 900 or 1000 ◦C, massive grain growth was observed. Regarding
the extremely long times and temperatures required for second-phase precipitation, Pickering et al. [22]
showed that annealing at 700 ◦C for times above 500 h would lead to the formation of M23C6 and
σ phase.

The “cocktail effect”, which refers to the enhancement of the established properties of the alloy,
which cannot be attributed independently to any of the elements that compose the material [24].

Considering the above-mentioned features and the prospect of customizing the composition of
high entropy alloys, a new path for a wide range of applications can be expected. As such, owing to
these properties, the outstanding performance of HEAs to operate under extreme conditions is subjected
to intensive research. Depending on the composition of the alloy, the corrosion resistance [25–28],
the ability to sustain high cyclical loading [29,30], wear resistance [31–33], and the good performance
at both high [34,35] and cryogenic temperatures [36–38] are some of the key features that these alloys
exhibit towards being novel solutions for structural and functional applications [39]. Miracle et al. [40]
suggest that high entropy alloys can be used as structural materials in transportation and energy sectors.
The same author [41] proposes that some high entropy alloys can be used in functional applications that
require resistance to radiation damage or when in need of diffusion barriers, as in the microelectronics
sector. Replacement of conventional materials by entropy alloys is suggested to occur in the future,
and materials to be replaced include stainless steels, Al-, Ti-, and Ni-based alloys. This is related to
the fact that high entropy alloys can be fine-tuned to simultaneously present, if desired, low density
and high mechanical strength or other combination of properties. These properties will be dictated
by the elements that compose the high entropy alloy system. Table 1 summarizes the mechanical
properties (yield stress, ultimate tensile stress, and elongation) for multiple high entropy alloy systems
at different temperatures.
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Table 1. Mechanical properties of various high entropy alloys (HEAs) under different temperatures.

Alloy System Mechanical Properties
Temperature (K)

Refs.
77 296 673 873 1073 1273 1473 1673 1873

CoCrFeNiMn
σys (MPa) 759 410 - - - - - - -

[42]σuts (MPa) 763 1280 - - - - - - -
Elongation (%) 71 57 - - - - - - -

CoCrFeMn
σys (MPa) 481 272 - - - - - - -

[38]σuts (MPa) 1003 567 - - - - - - -
Elongation (%) 65 47 - - - - - - -

CoCrFeNiAl
σys (MPa) - 250 155 150 - - - - -

[43]σuts (MPa) - - - - - - - - -
Elongation (%) - >50 >50 >50 - - - - -

CrFeNiMnAl
σys (MPa) - 910 755 325 - - - - -

[43]σuts (MPa) - - - - - -
Elongation (%) - >50 >50 >50 - - - - -

CoCrFeNiAlTi
σys (MPa) - 1420 1285 795 285 - - - -

[43]σuts (MPa) - - - - - - - - -
Elongation (%) - 18 24 >50 >50 - - - -

CrFeNiMnAlTi
σys (MPa) - 1280 1100 355 - - - - -

[43]σuts (MPa) - - - - - -
Elongation (%) - 31 >50 >50 - - - - -

CoCrFeNiV
σys (MPa) 477 470 - - - - - - -

[37]σuts (MPa) 1000 626 - - - - - - -
Elongation (%) 62 36 - - - - - - -

HfNbTaTiZrW
σys (MPa) - 1550 - - 577 409 345 - -

[44]σuts (MPa) - - - - -
Elongation (%) - 26.3 - - >35 >35 >35 - -

HfNbTaTiZrMoW
σys (MPa) - 1637 - - 1065 736 703 - -

[44]σuts (MPa) - - - - -
Elongation (%) - 15.5 - - >35 >35 >35 - -

HfNbTaTiZr
σys (MPa) - 929 790 675 535 295 92 - -

[45]σuts (MPa) - - - - - - - - -
Elongation (%) - - - - - - - - -

VNbMoTaW
σys (MPa) - 1246 - 862 846 842 735 656 477

[46]σuts (MPa) - 1270 - 1597 1536 1454 943 707 479
Elongation (%) - 1.7 - 13 17 19 7.5

NbMoTaW
σys (MPa) - 1058 - 561 552 548 506 421 405

[46]σuts (MPa) - 1211 - - - 1008 803 467 600
Elongation (%) - - - - - - - - -

To ensure the viability of these alloys to be used in complex shaped structures, their weldability is
an important issue that needs to be addressed. Any advanced engineering alloy will require welding
to either obtain complex shape structures or to couple its properties to those from another material.
As such, evaluating the weldability of novel alloys is fundamental to further expand its potential
applications. Additionally, because these alloys are now being more studied, it is possible to adjust
their chemistry or microstructure to avoid weldability issues, such as liquation cracking. The sooner
these potential issues are found, the easier and more cost-effective it is to find a solution.

This paper analyses the overall progress achieved using well-known welding techniques and
weldability studies on HEAs. First, focus is given to fusion-based techniques, in a second instance, a
review of solid-state ones is provided.

2. Current Progress on Welding HEAs

Among several methods for joining materials, welding comprises a broad range of techniques, and
it is an expedite and often a reliable way to produce permanent and continuous joints. When proper
design specifications and process optimization are used, welding technologies become unquestionably
competitive for several industrial sectors, such as infrastructure construction and transportation. This
category of processes is known to be capable of achieving particularly strong and resistant bonds when
exposed to static and dynamic forms of loading [47,48]. As such, welding technologies can be divided
according to the diverse mechanisms and processes required to achieve such joints.

Fusion-based welding processes are based on melting and solidification of metal and are currently
the most established in industry. The resultant joints are typically characterized by exhibiting three
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distinct regions. The fusion zone (FZ), which is the region that undergoes melting and subsequent
solidification; the heat affected zone (HAZ), that is characterized by experiencing temperatures that
can promote solid-state transformation and never changes its state (i.e., the material never becomes
fully liquid during the process); and, lastly, the base material (BM), which is the region that remains
unchanged throughout the process.

Often, fusion-based welding methods are known to impair the mechanical properties of the joints
due to metallurgical incompatibility between the materials to be joined, development of high residual
stresses, mismatch of thermomechanical properties of the BMs, or due to the sensitivity of the material
to the weld thermal cycle. In those cases, solid-state techniques are a viable option capable of solving
some of the above-mentioned problems. One well-known example is dissimilar welding of aluminium
to steels [49]: While fusion welding can be used to join this dissimilar combination, the resulting
mechanical properties are often poor due to the formation of brittle intermetallic compounds upon
mixing of the liquid phases of the two BMs. However, solid-state methods can effectively join these
materials allowing their use in structural applications.

Solid-state welding is based on intense friction, plastic deformation, and diffusion mechanisms
that aid in the formation of a joint between the BMs [50]. The versatility of such approach is proven by
the ability to connect materials that are difficult or impossible to join through fusion-based processes,
avoiding the development of undesired phases, distortions, and high residual stresses that may occur
during the liquid-solid state interchange. These processes where plastic deformation occurs, exhibit a
thermomechanically affected zone (TMAZ), as well as an HAZ. The microstructural evolution of the
joints will depend on the material susceptibility to the combined effect of temperature and deformation
in the TMAZ, and of temperature in the HAZ.

Another possibility for materials joining is through brazing and soldering. These are mainly
characterized by the introduction of a filler metal into the joint region. In such processes, the metallic
filler has a melting point lower than that of the materials that are to be welded, and the welds are
established by diffusion between the filler and BMs [47].

Regarding the overall developments of welding of HEAs, a survey on the contemporary literature
shows that an effort is being made towards the understanding of the microstructural evolution and
optimization of these joining processes [51]. Until now, the number of publications regarding welding
of HEAs is increasing throughout the years, as the developments on these alloys become more evident,
as it can be observed in Figure 1.

Figure 1. Number of publications on welding of high entropy alloys over time.

However, to the best of the authors’ knowledge, most studies are focused on fusion-based welding
processes. Still, it is also possible to perceive that some efforts are also being dedicated to the study
of other welding techniques on HEAs, especially in what concerns solid-state welding processes.
Considering this, the next topics that are presented in this paper mainly concern the overall progress
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on fusion-based and solid-state welding processes on HEAs. Nevertheless, information about welding
HEAs through brazing is also available, as presented by Lin et al. [52], where dissimilar joints between
CoCrFeMnNi/CoCrFeNi alloy and CoCrFeMnNi/316 stainless steel were investigated.

2.1. Fusion-based Welding of HEAs

Several studies [53–69] have already been reported on fusion-based welding of HEAs. To date,
these works focus mainly on laser-based techniques, although some information is also available on
Electron Beam and Gas Tungsten Arc Welding (GTAW) techniques.

In terms of the materials, the most used HEA is the CoCrFeNiMn one. This is probably related to
the fact that this alloy system is the most studied within the field of HEAs [22,25,34,70–72]. For this
reason, in this section of the paper (2.1.1), we first address the current status on fusion-welding of the
CoCrFeNiMn HEA system, and the following one (2.1.2) focuses on the remaining materials that were
already welded.

2.1.1. CoCrFeNiMn HEA System

Concerning the investigation of the welded joints behavior on HEAs obtained through laser-based
techniques, Kashaev et al. [53] reported a study on the CoCrFeNiMn system, where the base material
was fabricated via self-propagating high temperature synthesis, a process where reagents are ignited
and then, due to an exothermic reaction, a given product is formed [73]. The as-produced HEA
exhibited columnar FCC grains with MnS precipitates and Cr-rich carbides on its microstructure, and,
as a consequence of the BM manufacturing method, its matrix composition revealed a reduced content
of Mn and the existence of several impurities. These impurities did not lead to any strengthening effect,
most likely due to their large grain size and low volume fraction. After welding, using a laser power of
2 kW and a welding speed of 5 m/min, several changes in texture and microstructure of the FCC matrix
occurred. The precipitation of nanoscale intermetallic B2 phase compounds in the welded region
promoted an increase of the microhardness in the fusion zone, as evidenced in Figure 2. The nanoscale
B2 particles were seen to be mainly composed by Ni and Al, with the latter element being an impurity
of the starting powders. The formation of the B2 phase was predicted by thermodynamic calculations,
showing the interest of such approach to predict and explain the developed microstructures in the
fusion zone of the joint. During fusion welding, there is an intense mixing of elements within the
molten pool. As such, it is possible that the B2 particles are formed due to the local mixing of Ni and
Al favoring the formation of this phase in the fusion zone of the joint.

Figure 2. Microhardness profile of a laser beam welded joint (Reproduced from [53], with permission
from Elsevier, 2018).

The measured increase of hardness on the welds was suggested by the authors to be an asset
for structural applications of this class of HEA. However, no assessement of the tensile properties of
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the welded joints was performed, thus it was not possible to state the suitabilty of these joints to be
employed as structural parts. Though this was not studied in the abovementioned paper, it can be
hypothesized that it may be possible to slightly change the microstructure (and resulting properties) in
the fusion zone, by controlling the heat input. For example, lower heat input leads to higher cooling
rates, which restricts grain growth in the fusion zone of the joint [74].

In a follow-up work, Kashaev et al. [54] addressed the impact of laser welding on the mechanical
performance of the welded joints. Due to the coarse grain structure of the base material, with a grain
size ranging from 250–500 μm, a refined structure in the fusion zone was observed (100–300 μm).
Of special relevance in this work is the fact that the welding process did not impair the mechanical
properties of the HEA joints, and the tensile and fatigue behavior of both base material and welded
joints were similar (refer to Figure 3). Fracture of the welded joints occurred in the BM, which can be
explained by the lower hardness of this region, which promoted strain accumulation.

Figure 3. Laser beam welds characterization: (a) Tensile testing; (b) fatigue testing (Adapted from [54],
with permission from Elsevier, 2019).

Other researchers have also used laser welding for similar joining of CoCrFeNiMn HEAs.
Jo et al. [55] also found that the hardness of the fusion zone of the joint was higher than in the base
materials and also that the FCC structure was preserved. These results show the good reproducibility
in terms of mechanical properties in laser welded CoCrFeMnNi HEAs obtained by different research
groups. The higher hardness of the fusion zone was attributed to fine dendritic arm spacing and
composition inhomogeneity. However, it must be noticed that the BM hardness was that of an
as-annealed CoCrFeNiMn HEA [75]. It is known that CoCrFeNiMn alloys can exhibit higher hardness
under appropriate heat treatment conditions, which would lead to a lower hardness region in the
FZ if the BM was heat treated prior to welding. Obviously, the condition of the BM will impact the
microstructural evolution of the welded joints, especially in what concerns strain accumulation upon
mechanical testing.

A study on laser welding of as-cast and as-rolled CoCrFeNiMn HEA, was a performed by
Nam et al. [56,57] in order to assess their viability for cryogenic applications. On a similar laser
welding case, increasing the welding speed, which varied between 6, 8, and 10 m/min, and corresponds
to a decrease in the heat input, revealed that the density of shrinkage voids, primary dendrite
arm spacing, and dendrite packet size decreased. It should be noted that shrinkage avoids can be
avoided/minimized upon careful optimization of the process parameters [76]. The microhardness
profiles showed that, on the casted samples, the FZ presented higher values than the BM, which
was attributed to the differences in grain size between both regions. Nevertheless, on the as-rolled
specimens, no pronounced variation in hardness was observed, due to the existence of similar grain
size in both the BM and FZ.

As depicted in Figure 4, the tensile properties of the as-cast specimens were similar to those of the
BMs. However, the same did not occur in the as-rolled condition, where the welded region showed
lower tensile strength values when compared to the BM, which resulted from the larger grain size on
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the FZ than in the BM. For the as-cast samples, at a testing temperature of 298 K, fracture occurred near
the HAZ/BM interface. The same did not occur on the rolled samples, where fracture occurred in the
FZ, which was attributed to higher grain size of this region. Nevertheless, in both cases, the tensile
properties of the samples tested at 77 K were superior to those observed as 298 K, which was attributed
to the existence of deformation twinning that tends to occur at cryogenic temperatures.

Figure 4. Tensile testing results: (a) Comparison between the tensile properties of the weld at different
temperatures; (b) fracture region (Adapted from [56], with permission from Elsevier, 2019).

In [57], an as-cast and an as-rolled CoCrFeNiMn HEA were welded together, and evident
differences of the microstructure were observed between both sides of the joint, as depicted in Figure 5.
This phenomenon was attributed to the distinct epitaxial dendritic growth that initiated from the
different grain sizes and morphologies in the BMs.

 
Figure 5. Microstructure of the dissimilar welds: (a,b) Dendritic growth nucleated from the fusion
boundary on the cast HEA (high entropy alloy) side; (c) dendrites from near the centerline on the
cast WM side; (d,e) dendritic growth nucleated from the fusion boundary on the rolled HEA side;
(f) Dendrites from near the centerline on the rolled WM side. BM—Base material; WM—Weld metal
(Reproduced from [57], with permission from Taylor & Francis, 2019).

The microhardness increased on the as-cast BM/HAZ interface, but still, no significant change
could be observed in the weld/rolled BM interface (refer to Figure 6). Overall, the tensile properties
were enhanced when the material was tested in cryogenic conditions due to deformation twinning.
During tensile testing, the dissimilar welds fractured on the as-cast BM, exhibiting a comparable
behavior to that of the as-cast alloy. In both cases, the viability of the laser welded CoCrFeNiMn HEAs
joints for applications in cryogenic environments was evidenced.
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Figure 6. Microhardness profile of the dissimilar weld (Reproduced from [57], with permission from
Taylor & Francis, 2019).

In another work on welding of the CoCrFeNiMn system, Chen et al. [58] showed that their laser
welded samples had superior properties than that of the BM, since fracture of the joints occurred in
that region rather than in the FZ. This could be attributed to the higher hardness of the fusion zone
(≈193 HV) when compared to the base material (≈177 HV). The microstructural analysis of the weld
region and BM revealed a single FCC phase with several Cr-Mn rich precipitates. In the fusion zone,
the average size of the existing precipitates ranged from 0.41 to 0.49 μm, dispersed within the grains
and at the grain boundaries. These, owing to their small size, have a pinning effect on dislocations [77],
granting the welded region a superior mechanical performance than the BM.

Often, the resultant microstructures in fusion-based welded joints must be modified in order to
improve the part mechanical properties. These microstructural modifications are often performed by
post-weld heat treatments, which can induce dissolution or formation of new phases/precipitates or
promote stress relieving [78–81].

The influence of post-weld heat treatments on laser welded CoCrFeNiMn HEAs was also reported
in the literature. Nam et al. [59] studied the effect of post-weld heat treatments on a temperature
range of 800 and 1000◦C for one hour, on laser beam welds of a cold-rolled CoCrFeNiMn HEA. Before
the heat-treatment, the welded region exhibited a larger grain size and inferior tensile strength and
hardness than the BM. After being heat-treated, the welds showed superior hardness than the BM, with
the FZ preserving the original BM FCC crystal structure and a decrease in the size and fraction of Cr-Mn
oxide inclusions. With the increase of temperature of the heat treatment to 1000 ◦C, the variation in grain
size between the weld metal and heat-affected zone decreased, which resulted in approximately the
same tensile properties between the welded joint and the BM. This initial work shows the fundamental
role of critically selecting the base material initial condition and subsequent post-weld heat treatments.
These are fundamental to improve the joint microstructure and consequently its mechanical properties.

Concerning other fusion-based welding techniques, Wu et al. [60,61] investigated Electron Beam
Welding and Gas Tungsten Arc Welding (GTAW) on a CoCrFeMnNi HEA. For this purpose, ingots
were produced via arc-melting and then thermomechanically processed to achieve a homogeneous
equiaxed microstructure. After welding, microstructure characterization evidenced that no major
defects existed in the joints, and that the microstructure was mainly composed of dendrites and large
columnar grains. Overall, the yield strength of both welded joints was higher than that of the BM.
Differences between both welding methods resided on the dendrite arm spacing and on the amount of
elemental segregation, which were less evident on the electron beam welds. This can be attributed
to the fast cooling rate of the process, which can decrease grain growth and elemental segregation
when compared to arc-based techniques [47,48]. The tensile strength of the GTAW samples exhibited,
approximately, 80% of the tensile strength and 50% of the ductility of the BM, while the electron
beam-welded samples presented a similar behavior to that of the BM. Though sound joints were
achieved in both cases, the ability of electron beam welding to localize the heat in a restrict region can
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be considered an advantage and a potential justification on the superior mechanical properties when
compared to arc-based welding of the same alloy.

More recently, Oliveira et al. [62] performed a comprehensive study on GTAW of as-rolled
CoCrFeNiMn HEA. Using synchrotron X-ray diffraction analysis, the authors observed that the
extension of the HAZ was larger than that determined based on electron microscopy and hardness
measurements techniques. In fact, due to the large deformation imposed by cold rolling of the starting
BM, recovery phenomenon was seen to occur far away from the weld centerline. This phenomenon
translated into a decrease of the residual stresses of the material in that region, though no variations in
grain size and hardness were observed.

The use of filler materials during fusion-based welding is often used to control and adjust the
chemical composition and resulting microstructures [82,83]. Moreover, in hard-to-join dissimilar pairs,
careful selection of the filler material can aid in the inhibition of solidification cracking or other defects
than can occur upon solidification [84,85].

Nam et al. [63] evaluated the use of two different filler materials during similar GTAW of an
CoCrFeMnNi HEA. The selected filler materials were a 308 L stainless steel, while the other had the
same composition as the BM. The results evidenced that both types of welds exhibited a single FCC
phase, nevertheless the elemental percentage of Fe increased with the proximity to the weld centerline
when the stainless steel filler was used. Regarding the mechanical properties, both welds exhibited
superior values than the original BM. The joint obtained using the CoCrFeMnNi filler presented the
higher values for the microhardness (≈165 ± 1 HV), as depicted in Figure 7a. The tensile properties
were also assessed at room and cryogenic temperatures, exhibiting a comparable behavior to that
of the cast BM, as presented in Figure 7b. Overall, the tensile testing provided an insight for the
possibility to use stainless steel 308 L as a filler metal to guarantee the applicability of these HEAs in
cryogenic environments.

Figure 7. Mechanical behavior of the welded joints: (a) Tensile testing; (b) microhardness distribution
(Adapted from [63], with permission from Elsevier, 2020).

Due to the possibility to control the composition, and therefore the resulting microstructures
using filler materials, we hypothesize that in the future, dedicated filler materials can be developed to
control and tune the HEA joints properties.

2.1.2. Other HEA Systems

Most of the works on welding of HEAs currently focus on the CoCrFeNiMn system, as exemplified
above. However, some researchers started to pay attention to the weldability of other HEA compositions.

The use of GTAW for welding of an Al0.5CoCrFeNi HEA was attempted by Sokkalingam et al. [66].
The BM was composed by a near-equiaxed microstructure and, after welding, the HAZ exhibited a
microstructure with a size, approximately, double of that of the BM. This is explained by the weld
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thermal cycle, that is known to induce grain growth in the HAZ, especially closer to the fusion
boundary. Additionally, the FZ was characterized by dendritic growth, and near the weld centerline, a
fine equiaxed microstructure could be observed. Both the BM and the FZ exhibit a mixed FCC and
BCC structure. However, the volumetric fraction of the BCC phase was reduced due to the thermal
history experienced by the material during the welding procedure. Mechanical testing showed that the
weld region exhibited an inferior microhardness, and the tensile properties experienced a reduction of
6.4% in strength and 16.5% in ductility, when compared to the BM.

The same authors also performed dissimilar welding of Al0.1CoCrFeNi HEA to AISI304 stainless
steel by GTAW [65]. As depicted in Figure 8, microstructural characterization revealed that the HEA
side of the weld was characterized by epitaxial grain growth, while the AISI304 stainless steel side
exhibited non-epitaxial grain growth. Nevertheless, towards the weld centerline, the joint tends
to exhibit an equiaxed dendritic grain structure. During tensile testing, fracture occurred in the
fusion zone, which was attributed to the heterogeneous distribution of the microstructure and lower
hardness of the weld. Overall, the applicability of these dissimilar joints for structural applications
was confirmed by means of mechanical testing, where the dissimilar joint exhibited superior values for
the yield strength and ultimate tensile strength (≈265 and ≈590 MPa, respectively) than that of the
HEA side of the BM (≈148 and ≈327 MPa, respectively).

 
Figure 8. Microstructural characterization by means of EBSD (Electron Backscatter Diffraction) inverse
pole figure analysis of the dissimilar welds. BM-1: Al0.1CoCrFeNi HEA; BM-2: AISI304 stainless steel
(Reproduced from [65] with permission from Cambridge University Press, 2019).

The corrosion behavior of laser welded Al0.5CoCrFeNi HEA was studied by Sokkalingam et al. [64],
by evaluating the corrosion potential and corrosion current density obtained by potentiodynamic
polarization tests. The BM was composed by an equiaxed microstructure composed by Cr-Fe and
Al-Ni rich phases and Al-rich particles. During welding, the dissolution of the Al-Ni rich and Al-rich
compounds into the CoCrFeNi matrix occurred, resulting in a microstructure exhibiting Cr-Fe rich
columnar dendrites with an Al-Ni rich interdendritic region. Overall, the results from the corrosion
resistance tests evidenced that the welded joints exhibited a higher corrosion resistance than the BM
alone, when exposed to aqueous corrosion environments. This was attributed to the solubility of the
Al in the alloy matrix during welding that causes an increase of its corrosion potential, resulting on the
reduction of the galvanic circuit in the joint.

More recently, weldability studies on AlxCoCrCuyFeNi HEAs have been performed by
Martin et al. [67,68]. Cu segregation was seen to promote solidification cracking in the fusion zone
of the GTAW joints. By changing the alloy composition, it was possible to mitigate the cracking
susceptibility of this HEA class. These works, which were supported by thermodynamic calculations
to predict the existing phases on the FZ as function of the alloy composition, show the importance of
optimizing the BM starting composition when cracking phenomena, such as hot cracking and liquation
cracking, are prone to occur in the materials to be welded. Though this was only observed in the
AlCoCrCuFeNi HEA system, it is likely that other HEA compositions may exhibit the problems. If that
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is the case, the addition of filler materials [48] can also be a potential solution to adjust and improve
the chemical composition of the fusion zone.

Panina et al. [69] reported the effects of pre-heating temperature (400, 600, and 800 ◦C) on the
laser weldability of a Ti1.89NbCrV0.56 refractory high entropy alloy. Initially, the BM microstructure
was mainly composed by BCC grains presenting also small C15 Laves phase particles. Hot cracking
occurred when welding was performed with the BM at room temperature and at 400 ◦C, which was
attributed to the low ductility of the alloy. Since during welding thermal stresses are generated,
materials with poor ductility can suffer cracking if those stresses are not relieved. Using pre-heating
temperatures of 600 ◦C and 800 ◦C, however, resulted in defect-free joints. The microstructure of the
welds was characterized by columnar grains, where the grain size tended to increase with the increase
of pre-heating temperatures. This can be explained based on the effect of changing the pre-heating
temperature before welding: Higher pre-heating temperature leads to a slower cooling rate, which
promotes more significant grain growth. Due to these slower cooling rates, the grain size was larger
in the different FZ. As such, the microhardness of the FZ tended to decrease with the increase of
the selected pre-heating temperatures. The mechanical performance of the welds was also assessed
through tensile testing at 750 ◦C, and enhanced tensile properties were observed when pre-heating
at 800 ◦C (ductility of ≈10%, yield strength of 265 MPa and ultimate tensile strength of 285 MPa vs.
the 250 MPa maximum stress obtained when fracture occurred in the elastic region on the as-cast
specimens). Overall, the results obtained in this study highlight the need for optimizing the welding
parameters, such as the pre-heating temperatures, in order to obtain high performing joints.

Currently, it is clear that welding of HEAs is a growing research topic. However, most of the
work is focused on the CoCrFeNiMn alloy system using high power beams (laser and electron beam).
Though some recent studies have addressed the weldability of other HEA systems, the existence of a
significant research gap regarding the weldability of these materials is highly noticeable.

2.2. Solid-State Welding of HEAs

As previously mentioned, welding materials in the solid state can be a reliable and advantageous
way to achieve sound joints. The current information regarding welding HEAs using solid-state
techniques shows that most studies are focused on friction stir welding (FSW) [55,86–92]. Nevertheless,
other possibilities for joining these materials are rotary friction welding [91] and diffusion bonding [92].

Concerning FSW, the literature shows that an effort for the development and comprehension of
the microstructural evolution of FSWed HEAs joints is underway. For instance, FSW of a CoCrFeNiMn
HEA manufactured by vacuum induction melting, followed by thermomechanical processing was
conducted by Jo et al. [55]. After the welding process, the tensile strength and the ductility of the
samples exhibited a similar behavior to that of the BM. Ductile fracture occurred in the BM, indicating
that the microstructure evolution in the processed region promoted a higher joint strength. The welding
process was characterized by inducing dynamic recrystallization, which resulted in grain refinement
aided by the temperature increase, coupled with the massive deformation imposed during the process.
The microhardness distribution on the welds exhibited higher values than the BM. An EBSD (Electron
Backscatter Diffraction) inverse pole analysis on the cross section of the weld exhibited significant
grain refinement and a lower proportion of twins at the center of the weld, indicating also that the
fraction of low angle grain boundaries tends to decrease with the increase of distance from the weld
center. These boundaries have an important role on the mechanical performance of the material acting
as barriers to plastic deformation and inhibiting the grain growth mechanisms induced by the increase
of temperature.

Typically, it is often preferred that failure of a welded joint occurs in the BM. This is an evidence
of the higher resistance of the welded region, which implies that, for structural parts, the main limiting
aspect will be the BM mechanical properties. Provided that those properties are ensured to be constant
over time, and since FSW is known to be a very reliable process, unlike some arc-based welding
processes, the welded joints can be safely used as structural parts in key engineering applications.
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A step further into the investigation of the FSW process applied to the CoCrFeNiMn HEA was
taken by Xu et al. [86]. In this work, forced cooling was applied to the processed material, aiming
at improving the joint properties. The mechanical results showed that it is possible to enhance the
mechanical properties of the welds without a ductility loss through the fast cooling of the joint. This
enhancement of the material mechanical properties was explained by the inhibition of the static
recovery and selected grain growth that can occur during post-annealing.

Zhu et al. [87] performed FSW on cast CoCrFeNiAl0.3. Defect-free welds were obtained using two
different speeds, 30 and 50 mm/min. In both cases, apart from the original FCC matrix, the results
from X-ray diffraction analysis showed that no phase changes occurred. The morphology of the welds
exhibited four typical thermomechanically affected areas after FSW: (i) SZ, the stir zone, where refined
equiaxed grains resultant from recrystallization were observed; (ii) TMAZ, the thermomechanically
affected zone, which exhibited both coarse and fine grains; (iii) HAZ, where columnar grains were
observed with an average size of 132 μm; (iv) BM, characterized by columnar grains resultant from the
casting process, preferentially oriented in the solidification direction. Because of these microstructural
differences, the microhardness was higher at the center of the weld, decreasing with the distance
from the center. Additionally, reducing the speed of the tool, which increases the heat input, resulted
in slightly a larger grain size on the SZ, which is in good agreement with the effect of FSW process
parameters on other materials [93].

In another study, Zhu et al. [88] studied a quaternary HEA composition, Co16Cr28Fe28Ni28, in
order to study the effects of the reduced Co content on the material mechanical performance. Their
work showed that after recrystallization, through thermomechanical processing, the tensile properties
were superior to that of common HEAs, as depicted in Figure 9a. Such evidenced the possibility for the
enhancement of the alloy mechanical properties through precipitation hardening, given the reduced
proportion of Co. By performing FSW on this HEA, varying only the welding speed (ranging between
30 and 50 mm/min), a refined microstructure composed of equiaxed grains was obtained in the SZ,
which remained with its original FCC crystal structure. However, at the higher level of welding speed,
the formation of a kissing bond [94], which is characterized by the partial penetration of the weld, was
inevitable, due to low heat input. In both cases, the formation of a white band was evidenced. Further
analysis of this feature revealed the presence of W-rich and Cr-rich particles. The presence of W-rich
particles can be explained by the welding tool wear, which is a common occurrence during FSW [95].
The presence of the Cr-rich particles was not explained, requiring further experimental work to justify
its presence. Regarding the hardness of the joints, the SZ exhibited a relatively higher hardness than
the BM, which was attributed to the distorted crystalline network, high fraction of deformation twins,
and refined grain structure (see Figure 9b regarding the hardness profile obtained across the joint).

Figure 9. Sample characterization: (a) Tensile properties; (b) microhardness distribution (Adapted
from [88], with permission from Elsevier, 2018).

140



Metals 2020, 10, 212

During FSW, tool wear can occur, and debris can be incorporated in the processed material.
The influence of tungsten and chromium carbide particles, caused by the tool deterioration during
FSW of a CoCrFeNiMn HEA was accessed by Park et al. [89]. The process parameters comprised a
welding speed of 30 mm/min, while the tool rotation varied between 400, 600, 800, and 1000 rpm.
The results showed that both the welds and the BM exhibited a single FCC crystal structure. No
cracks or voids were found on the welds, although the increase of tool rotation resulted in thinning
near the center line, which corresponds to an inferior thickness of the weld when compared to the
BM. The formation of a tornado-shaped region on the SZ was also evidenced when performing FSW
with rotations speeds higher than 600 rpm (refer to Figure 10a). This tornado-shaped region was
characterized by the formation of a secondary phase correspondent to W- and Cr-rich carbides, aided
by the tool wear. Overall, superior characteristics regarding the hardness, tensile strength, and joint
efficiency were obtained with a rotation speed of 800 rpm, where the grain size was at its lowest value.
This was attributed to the different heat inputs that govern the solid-state transformation during the
process. As depicted in Figure 10b, a comparison on the carbide size and concentration can be observed
between a lower heat input (800 rpm) and a higher heat input sample (1000 rpm). These results show
that higher rotation speeds lead to more severe wear of the FSW tool.

 
Figure 10. Characterization of friction stir welded (FSWed) CoCrFeNiMn joints: (a) Morphology of the
welds at different rotation speeds (from top to bottom: 400, 600, 800, 1000 rpm); (b) carbide content at
800 rpm and 1000 rpm (Adapted from [89], with permission from Elsevier, 2019).

On another perspective, Shaysultanov et al. [90] performed FSW on a carbon-doped CoCrFeNiMn
HEA, with the intent of studying the influence this controlled C addition on the welded joints mechanical
performance. After being produced via thermite-type self-propagating high-temperature synthesis,
the samples were cold-rolled and annealed at 900 ◦C for 1 h, to obtain an equiaxed microstructure.
The welds resultant from the FSW process were defect-free, while microstructural differences were
observed on the grain size on the BM and the SZ, with a change from 9.2 to 4.6 μm, respectively. With
this joining process the proportion of M23C6 carbides increased, which was attributed to the rise in
temperature triggered by intense plastic deformation, aiding in the precipitation of this phase. Overall,
the mechanical performance of the welds exhibited higher values than the BM in both the microhardness
(an increase of ≈40 HV) and tensile properties (an increase of ≈80 MPa on the ultimate tensile strength
and of ≈200 MPa on the yield strength), which can be attributed to the carbides’ precipitation.

As described above, most of the research work on solid-state welding of HEA focuses on FSW.
However, other solid-state techniques have also started to be used to join this class of advanced materials.

Rotary friction welding was conducted in a eutectic AlCoCrFeNi2.1 HEA by Li et al. [91].
As depicted in Figure 11a–c, similarly shaped joints were obtained with friction pressures of 80 and
120 MPa, while welding at 200 MPa resulted in an increase of the burn-off length and on the size of the
resulting flash. Microstructurally, at the center of the weld, on the dynamic recrystallization zone (DRZ),
the grains exhibited a refined and equiaxed structure. Additionally, on the TMAZ, the microstructure is
composed of bent and elongated grains, while the HAZ exhibited fewer eutectic cells when compared
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to the BM. An EBSD analysis of the samples produced under the friction pressure of 120 MPa, revealed
both an FCC phase, composed mainly by Fe, Co, and Cr, and a B2 phase, composed of AlNi intermetallic
compounds and BCC structured-type CrFe precipitates. The tensile properties were superior when
the friction pressure was of 200 MPa, where fracture of the joints occurred in the BM. As depicted in
Figure 11d–f, the rough fractured surface is the result of the diferent ductility of the hard B2 phase and
the soft FCC phase. Nevertheless, the specimens welded with 80 and 120 MPa of friction pressure
yielded inferior tensile performance, fracturing at the joint interface, which is due to the the existence
of a weld interface and discontinuous distribuition of the B2 phase on the DRZ region.

Figure 11. Morphology of the welds and fractured surfaces after tensile testing. The joints were
obtained under the friction pressures of: (a) and (d) 80 MPa; (b) and (e) 120 MPa; (c) and (f) 200 MPa
(Adapted from [91], with permission from Elsevier, 2020).

Another possibility for welding materials in the solid state is through diffusion bonding. Unlike
other solid-state welding processes, this technique proves its purpose when joining materials with
a high susceptibility to cracking, as in the case of refractory metals [96–98]. Lei et al. [92] studied
vacuum diffusion bonding between the single-phase FCC Al0.85CoCrFeNi HEA and a TiAl alloy.
For this purpose, an axial pressure of 30 MPa, a temperature range of 750 to 1050 ◦C, and a holding
time of 30 to 120 min were used. Given the sluggish diffusion effect, characteristic of HEA systems,
the atomic diffusion from the TiAl substrate into the HEA substrate was drastically inferior, when
compared to the diffusion resultant from the HEA side. As depicted in Figure 12, the obtained bonds
were characterized by having three distinct regions, which could be divided according with their
microstructural composition: Region I, composed by α2-Ti3Al + solid strengthened γ-TiAl; region II,
which can be expressed as Al(Co, Ni)2Ti; and region III, characterized by an Cr(Fe, Co) solid solution
phase. The formation of voids was noticeable in the interlayer between regions II and III, which was
caused by the atomic flux imbalance provided by the process parameters in use. Overall, the optimal
results yielded a maximum microhardness of 923 HV in region I, and a maximum shear strength of
71 MPa (at 850 ◦C and after 90 min of holding time).
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Figure 12. Characterization of the diffusion bonded TiAl/Al0.85CoCrFeNi joints using 950 ◦C/1 h/30 MPa:
(a) microstructure under SEM; (b) Compositional element distribution taken from the scanning line
region (Adapted from [92], with permission from Elsevier, 2020).

As it can be inferred from this work, multiple welding works on HEA currently exist, and
increasing attention to these alloys’ weldability is emerging. Table 2 compiles the existing studies on
welding of different HEA, while Figure 13 details the relative importance of each welding technique
already applied to HEAs. As it can be noted, most studies concern the CoCrFeNiMn HEA, showing
the need to further extend these research works to other alloys systems.

Table 2. Summary of the welding techniques currently used on HEAs.

Welding Technique Alloy System Refs.

Brazing CoCrFeNiMn [52]
CoCrFeNi

Laser Welding CoCrFeNiMn [53–59]
TiNbCrV [69]

Gas Tungsten Arc Welding
AlCoCrFeNi [64–66]

AlCoCrCuFeNi [67,68]
CoCrFeNiMn [61–63]

Electron Beam Welding CoCrFeNiMn [60,61]

Friction Stir Welding
CoCrFeNiMn [55,86,89,90]
AlCoCrFeNi [87]

CoCrFeNi [88]

Rotary Friction Welding AlCoCrFeNi [91]

Diffusion Bonding AlCoCrFeNi [92]
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Figure 13. Percentage distribution of the number of papers considered in this study: (a) by welding
technique; (b) by alloy system.

3. Summary and Conclusions

The present article offers an overview on the current status and progress on welding of high
entropy alloys. The literature reveals that the main developments on this topic are mainly focused on
fusion-based process by means of laser welding, whereas solid-state ones focus on being put on friction
stir welding. Nevertheless, it is highly noticeable that the improvement of the welding processes
regarding the feasibility of structural and functional applications of HEAs is at its beginning stage.

Regarding fusion-based processes, the current developments show that a step towards the
optimization of laser-based methods is being taken. Nevertheless, a need for research on the joining
of HEAs through other fusion-based techniques, that are economically more viable than laser-based
approaches, is of great interest. Additionally, beyond the welding process, the initial condition of the
alloy affects the weld microstructure and its behavior. Such a matter is important to study the four core
effects characteristic of HEAs and their impact on the microstructural transformations on the molten
pool and mechanical performance of the welds.

Concerning solid-state processes, the literature shows that success on joining CoCrFeNiMn HEAs
has been achieved, although there is still a need for the optimization of the process parameters
to accomplish high performing joints. Regarding their mechanical behavior, the joints show good
mechanical properties, although there is still a need to enhance such solid-state processes into what
that makes HEAs competitive, e.g., their outstanding behavior in extreme conditions.

Currently, special emphasis is being put on the most studied CoCrFeNiMn system. However, to
further expand the potential applications of HEAs, other alloy systems need to be explored. No major
work on dissimilar joints exists yet. This is another key area of interest where the need to couple the
properties of different materials is of great interest.

Currently, it is well-known that HEAs can incorporate impurities during their casting. These
impurities can lead to the formation on unexpected phases, especially under the non-equilibrium
solidification of fusion-based processes. These unexpected phases were already observed for the
CoCrFeMnNi system, and were seen to improve the joint mechanical properties. However, it is
not necessarily true that these impurities will always be beneficial for the joint microstructure and
performance, and as such, efforts should be made to improve the chemical homogeneity of the starting
BMs, but also address the potential formation of these phases and propose methods to mitigate them.

All in all, the future of welding of HEA is at its early stages with the potential to further expand
the potential applications of these advanced engineering materials.
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Abstract: Welding of dissimilar aluminium alloys has been a challenge for a long period until the
discovery of the solid-state welding technique called friction stir welding (FSW). The discovery of this
technique encouraged different research interests revolving around the optimization of this technique.
This involves the welding parameters optimization and this optimization is categorized into two
classes, i.e., similar alloys and dissimilar alloys. This paper reports about the mechanical properties
of the friction stir welded dissimilar AA1050-H14 and AA5083-H111 joint. The main focus is to
compare the mechanical properties of specimens extracted from different locations of the welds, i.e.,
the beginning, middle, and the end of the weld. The specimen extracted at the beginning of the weld
showed low tensile properties compared to specimens extracted from different locations of the weld.
There was no certain trend noted through the bending results. All three specimens showed dimpled
fracture, which is the characterization of the ductile fracture.

Keywords: tensile strength; flexural strength; friction stir welding; microstructure; dissimilar
aluminium alloys

1. Introduction

Friction stir welding (FSW) is classified as one of the welding techniques that joins materials
through heat generated during friction occurring between the tool shoulder and the workpieces [1].
The invention of this welding technique was based on the materials which were classified as un-weldable
materials through conventional methods. Those classified materials included certain classes of
aluminium alloys. Aluminium alloys are mostly used in many industries like aviation, shipbuilding,
and automotive because of their light weight. The focus towards FSW has expanded such that
it includes testing the capability of the technique in welding other materials that are outside the
aluminium class. This includes the welding of copper and its alloys, titanium and magnesium and its
alloys [2]. When the aluminium alloys are welded with the conventional technique, they are likely to
have weld splitting on the joint line. The fusion welding of aluminium alloys is more difficult than
the welding of steel due to their low melting point, softness, and so forth. The aluminium alloys
sometimes bend and shrink when welded using conventional welding and those effects are caused by
residual thermal stress [3].

In some materials, FSW possesses good metallurgical properties when compared to fusion welding,
and this is caused by the microstructural modification that occurs during welding. Mishra and Ma [4]
reported that to have a great weld and to avoid defects on the weld, it is important to take welding
parameters, material flow, and heat generation into consideration during the welding process.

There are mainly four crucial steps that are involved during the performance of FSW, i.e., plunging,
dwelling, welding, and pulling. The rotating tool is inserted into the butt joint slowly until the shoulder
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touches the surface of the workpieces (plunging). The plunged tool remains in one location for a
certain period with the purpose of building up input heat (dwelling). The plunged tool moves along
the plates being joined at a specified speed (welding). The rotating tool gets removed vertically from
the welded plates soon after reaching the ends of the plates (pulling), and this normally leaves a hole
that indicates the end of the weld [5].

There are several studies focusing on FSW of aluminium alloys [6]. Typical examples include the
production of Al/NiTi composites by FSW assisted by electrical current, analysis of welding properties
in FSW of AA6351 plates added with silicon carbide particles, and dynamics of rotational flow in FSW
of aluminium alloys [7–9]. It has been reported that for the production of the good weld, the tool
geometry and welding parameters play a very important role. This includes the rotation speed, traverse
speed, tool tilt angle, and plunged depth. Plunge depth has been found to be a critical parameter
in the heat generation and for proper consolidation of material without defects. The plunge depth
was also identified as one of the parameters that plays an important role towards the microstructural
arrangement of the joint [10].

Welding dissimilar materials is quite challenging when compared with similar welding materials
due to the difference in mechanical properties and chemical composition of the base materials.
To acquire better weld mechanical properties, the harder material must be placed on the retreating and
softer material placed in the advancing side [11,12]. The tool geometry plays a very important role in
welding dissimilar materials. Welding dissimilar alloys requires the use of different tool profiles such
as threaded, squared, and triangular profiles to transfer the material from top of the joint to bottom and
vice versa by stirring movement [13]. Kundu and Singh [14] reported that tool pin profile geometry
plays an important role in weld quality, while the surface quality of the weld joint depends upon the
tool tilt angle. The increase in tool tilt angle affects the flow and fill up of material during welding.

In most cases, the welding of dissimilar materials involves the welding of aluminium alloys, which
are not far from each other in terms of mechanical properties, e.g., 5xxx will be welded together with
6xxx, 6xxx welded with 7xxx, etc. Recently, there are attempts that have been made in trying to weld the
aluminium alloys that are mechanically far apart from each other, i.e., FSW of AA2024 to AA6061 [15].
This investigation used a single- and a dual-pin tool. The defect-free joint was obtained in all selected
parameters except the welding speed beyond 90 mm/min. The onion rings were visible on the nugget
region for joints produced using the dual-pin tool but absent on the single-pin tool. The highest
ultimate tensile strength (UTS) was obtained with the dual-pin tool at a welding speed of 150 mm/min,
whereas the single-pin produced the UTS at a welding speed of 90 mm/min. However, the UTS
provided by single-pin was always less than the one produced by the dual-pin tool.

There are various aspects that have been studied through the use of dissimilar materials. This involves
the analysis of the strain hardening behaviour on the friction stir welded dissimilar alloys, which are
mechanically far apart from each other, i.e., 2024-T351 and 5083-H112, 2024-T351 and 7075-T651 [16].
This analysis was performed on two types of joints, i.e., 2024-T351 and 5083-H112, with 2024-T351 on
the advancing side and 5083-H112 on the retreating side. The second joint was 2024-T351 and 7075-T651,
with 2024-T351 on the retreating side and 7075-T651 on the advancing side. It was discovered that the
strain-hardening rate of the AA7075/AA2024 joint was higher than that of the parent material, while the
strain-hardening rate of the AA2024/AA5083 joint lay between those of the parent material. It was also
found that the tensile properties of both joints were lower than those of the parent material. Xia-Wei
et al. [17] did the microstructural analysis correlatively with mechanical properties of the FSW joint
using dissimilar alloys. The lamellar structure in the bottom of the nugget zone was found to be more
homogeneous and finer than other regions. The hardness on the copper side of the nugget was higher than
that on the aluminium side. The UTS of the joint was found to be relatively lower than that of the base
metal. The tensile morphology revealed ductile-brittle fracture mode.

Kumbhar and Bhanumurthy [18] did a comparative study on friction stir welding of similar
to dissimilar aluminium alloys, i.e., AA5052 to AA6061, and AA6061 to AA6061. The similar and
dissimilar joints were produced at various combinations of tool rotation speeds and tool traverse
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speeds. The microstructural analysis revealed that there was no rigorous mixing in the nugget region
for both materials. The tensile properties of dissimilar materials (AA5052-AA6061) were much better
compared to the properties of similar materials (AA6061-AA6061). Welding dissimilar aluminium
alloys that are mechanically far apart has gained much attention and interest from researchers [19].
This includes the analysis of friction stir welding of dissimilar AA2017A-T451 and AA7075-T651 plates
at a different tool rotation speed. The results revealed that the best tensile properties were achieved
when AA2017A-T451 was on the retreating side. It was also established that the material that is located
on the retreating side dominates the weld centre, and this is consistent with the results reported by other
researchers [11,12,16]. Ranjith and Kumar [20] analysed the impact of joining two dissimilar aluminium
alloys AA2014 T651 and AA6063 T651 by friction stir welding. They discovered that the tensile strength
was better when the tool was offset towards AA2014 (advancing side). When it was offset towards
AA6063 (retreating side), it resulted in insufficient heat generation on the advancing side, which
then resulted in an incomplete fusion of AA2014. Sarsılmaz and Caydas [21] conducted a study on
statistical analysis on mechanical properties of friction-stir-welded AA1050-H14/AA5083-H321 couples.
The study investigated the effect of friction stir welding parameters focusing on rotational speed,
traverse speed, and stirrer geometry. In their investigation, they discovered that traverse speed has a
significant effect on UTS and nugget hardness. Their analysis also included the optimized welding
parameters to be used in welding the said aluminium alloys.

The analysis of the effect of material positioning during FSW has gone outside the aluminium
family. This includes the study which analyzed the effect of location variation in FSW of steel with
different carbon content. It was discovered that the placement of the stronger material on the advancing
side reduced the weld nugget size and increased the amount of martensite formation. The location of
the strongest material on the advancing side led to higher temperature and stress due to the highest
temperature on the advancing side [22]. It is evident from the literature that the FSW that involved
materials that are mechanically apart involved mainly 2xxx as the weaker material. There are very few
studies which utilized AA1xxx [21].

This paper reports on the mechanical properties of the weld produced by the friction stir welding
technique using AA1050-H14 and AA5083-H111. The AA1050-H14 is mostly used in the chemical industry,
automotive industry, reflectors, heat exchangers, and food industry [23]. The AA5083-H111 is widely
used in the prevention of corrosion, hence used in shipbuilding. This alloy is also used in the automotive
industry as well [24]. It was then crucial to analyze different aspects related to the joint formed from these
two distinct materials. This was done so as to prepare the future application of these two materials in
producing products and components. It then became crucial to analyze comparatively the mechanical
behaviour of the joint in different locations. This type of analysis will give information regarding the best
location for sampling the welds produced from the materials with unique properties and composition.

2. Experimental Procedure

The 6mm thick AA1050-H14 and AA5083-H111 plates were cut into 70 mm × 530 mm long strips
using a guillotine cutting machine (see Figure 1).

 

Figure 1. Aluminium alloy plates prepared for welding.
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The two dissimilar plates were fixed on the backplate of the semi-automated milling machine
(FSW machine), as shown in Figure 2. The AA5083-H111 was kept on the retreating side throughout
the experiments, while AA1050-H14 was on the advancing side. This kind of material location was
followed based on the recommendation from the literature [11,12,16,19,25,26]. The plates were fixed
on the machine’s backplate by eight clamps. The function of clamps was to make sure the plates did
not move apart when the rotating pin was in motion.

 

Figure 2. Friction stir welding machine.

The plates were then friction stir welded using a high carbon steel (H13) tool shown in Figure 3.
The tool was machined using a lathe machine and was heat-treated to about 50HRC. The profile of the
pin was triangularly threaded with a 20 mm shoulder diameter and 6 mm pin diameter. The triangular
threaded pin had a 1mm pitch and the height of 5.8 mm. The FSW parameters used in this study are
presented in Table 1, and these parameters were chosen based on various speed test combinations
performed prior to the main welding. However, those trial results are not included in this work since
they are not part of the paper’s focus.

Table 1. FSW parameters.

Rotational Speed (rpm) Traverse Speed (mm/min) Tilt Angle (◦)
1000 30 2
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Figure 3. Friction stir welding tool.

Figure 4 shows the friction stir welding of 6 mm thick AA1050 and AA5083 plates. Stage 1 shows
two plates ready for welding. Stage 2 shows the rotating tool plunged into the two pieces being welded,
i.e., AA1050-H14 and AA5083-H111. Stage 3 shows the welded part of the plates. Stage 4 shows
the end of FSW and the unplunging of the tool. The finished product is clearly shown in Figure 5.
The nominal chemical composition for materials used in this study is presented in Table 2. The chemical
composition was measured using the BELEC COMPACT PORT HLC spectrometer (Belec Spektrometrie
Opto-Elektronik GmbH, Georgsmarrienhutte, Germany) according to ASTM E716-16 standard.
These chemical compositions were in the range of those reported in the literature [16,21,27].

Table 2. Chemical composition of AA1050-H14 and AA5083-H111 (wt.%) [16,21,27].

Material Si Fe Cu Mn Mg Cr Zn Ti Al

AA1050-H14 0.10 0.29 0.01 - 0.02 - 0.01 0.02 Balance
AA5083-H111 0.14 0.20 0.01 0.65 4.62 0.10 0.01 0.01 Balance
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Stage 1 Stage 2 

Stage 3 Stage 4 20mm 

Figure 4. Friction stir welding process.
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Figure 5. FSW joint.

3. Welded Joint Analysis

This section describes the mechanical and microstructural analysis of the welded joint.
This includes the use of the tensile test machine, microstructure analysis, bending test, and scanning
electron microscope (SEM). It should be noted that the friction stir welded joint had start, middle,
and end points. The specimens were all labeled A, B, and C. Label A indicated the specimens cut at the
beginning of the joint, specimens cut in the middle were labeled B, while C symbolized the specimens
cut at the end of the joint. This format was followed throughout the performance of the tests.

3.1. Tensile Test

The machine that was used for the tensile test was the Hounsfield tensometer (universal testing
machine). The tensile test was performed using the ASTM E8 standard. The tensile test specimens were
cut perpendicular to the welding direction (see Figure 6). The tensile test specimens were designed
according to the ASTM E8M-04 standard [28] for accurate dimensions. The specimens were cut using
CNC wire cutters and the coordinates for cutting specimens were manually generated using 2-D
drawings in Solidworks, shown in Figure 7. This method of cutting was selected because it does not
induce heat during cutting. There were three tensile specimens extracted from different locations of
the plate (see Figure 6). The extensometer was used to capture the data relevant to the joint.

 

Figure 6. FSW plate showing specimen positioning.
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Figure 7. Tensile test specimen.

The specimens were tensile tested until they fractured.

3.2. Microstructure Analysis

The microstructure analysis was performed using the Nikon Eclipse L150 microscope (Nikon,
Tokyo, Japan). The microstructure was observed under a polarized slider with an Axiocam 105 colour
camera for acquiring the pictures. The specimens were cut into 26 × 8 × 6 mm using the CNC wire
cutter and prepared for analysis using Keller’s reagent etchant.

3.3. Bending Test

Three-point bending tests were conducted using the same Hounsfield tensometer previously used
for the tensile tests. The performance of the bending test was based on the ASTM E290-97a standard.
There were six rectangular-shaped specimens prepared for bending tests. The bending tests were
performed on the face and the root of the joint. The three specimens presented in Figure 8 show the
face of the joint (the surface that was in contact with the tool shoulder) and another three presented in
Figure 9 show the root of the joint (the surface that was in contact with the backplate). For comparative
purposes, the bending test was also performed on parent materials.
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Figure 8. Bending specimens, (a) face; (b) root.

3.4. Scanning Electron Microscope (SEM)

The SEM used was the Zeiss Auriga (Carl Zeiss Microscopy GmbH Co., Germany). Prior to the
analysis, the samples were coated with a layer of carbon to ensure sufficient conductivity during
analysis. The results obtained are presented and explained in the next section.

4. Results and Discussion

The detailed discussions of the results obtained from the various tests performed are presented in
this section. The results obtained include the tensile test, bending test, microstructure and SEM analysis.

4.1. Microstructure

The FSW joint was characterized by general unique zones as shown in Figure 9. Those zones
included the stir zone (SZ) around the weld centre line, the thermo-mechanically affected zone (TMAZ)
on both sides of the weld nugget/stir zone, the heat-affected zone (HAZ), which surrounded the TMAZ,
and the non-affected base metal (BM) [12–18]. The regions originated from the material flow behaviour
caused by the tool rotation. The macroscopic and microscopic patterns of the three specimens were
similar, hence one pattern is presented to avoid duplication. Figure 9a shows the macroscopic view of
the joint with its thermal zones. There are no defects visible on the joint. This suggests that the welding
was performed successfully [21,29]. Figure 9b,c shows the micrographs of base metals AA1050-H14 and
AA5083-H111, respectively. Figure 9d shows the microscopic view of the AA1050-H14 pulled towards
the stir zone, and this morphology is called hook defect [30]. Figure 9e shows rotational traces of the
materials at the stir zone. Figure 9f shows the magnified morphology of the stir zone. The magnified
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view shows the refined grain structures at the stir zone. The average grain size for the base metal
AA1050-H14 was about 29 μm while the average grain size of AA5083-H111 base metal was about 7.3
μm. The average grain size for the stir zone was about 9.35 μm. The average grain size for the stir zone
is close to the average grain size for AA5083-H111 base metal.

 

Figure 9. (a) Macrostructure of the welded joint; (b) microstructure of AA1050-H14; (c) microstructure
of AA5083-H111; (d) thermo-mechanical affected zone; (e) stir zone; (f) grains of the stir zone.

4.2. Tensile Test

Figure 10 shows the fractured specimens post tensile tests. It was observed that the fracture
occurred on the advancing side (AA1050) of the specimen. This behaviour suggests that the weld joint
was mechanically stronger than the AA1050 alloy [11,12,28]. This also suggests that the welded joint
was dominated by AA5083-H111, hence it was stronger [16,29–31].
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Figure 10. Fractured specimens.

Table 3 shows the results of the ultimate tensile stress (UTS) and percentage elongation.
The AA1050 and AA5083 show the UTS of 104.89 MPa and 326.75 MPa, respectively, while the
FSW specimens A, B, and C show 50.67 MPa, 66.47 MPa, and 63.19 MPa, respectively. It should be
noted that all the specimens were fractured by the HAZ region of the AA1050-H14 side. The HAZ
region is known to have a negative impact towards the UTS of a material due to the coarsened grains
that are normally associated with this region [19,20,30–33]. This is suggested to be the cause of the
lower UTS for the three specimens compared to the parent materials. This assumption is in line with
the grain variations observed during microstructural analysis. The percentage elongation was found to
be 19%, 25%, and 26% for specimen A, B, and C, respectively. These indicate that the FSW specimens
B and C were more ductile compared to the specimen A and AA1050-H14 parent material, but less
ductile compared to parent material AA5083.

Table 3. Tensile test results.

Specimen Ultimate Tensile Strength (UTS) (MPa) Percentage Elongation

A 50.67 19%
B 66.47 25%
C 63.19 26%

1050 Parent 104.89 23.5%
5083 Parent 326.75 33.5%

Figure 11 shows the tensile test-strain curve of AA1050-H14, AA5083, and FSW specimens
A, B, and C. The UTS of the parent material AA5083 was larger than that of the parent material
AA1050-H14 and of the FSW specimens. Specimen A, which was the first specimen from the welded
plate, was the weakest while specimens B and C were close to each other. This behaviour was assumed
to be caused by insufficient heat input at the beginning of the weld. The temperature stabilized from
the middle to the end of the plate, hence improved UTS.
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Figure 11. Stress-strain curve.

4.3. Bending Test

Figures 12 and 13 are the post-bending test specimens for FSW and parent materials.
The reddish-brown line appearing on specimens in Figure 12a,b indicates the center of the joint.
The face and the root bending occurred towards the advancing side of the joint. This behaviour
suggests that the joint was mechanically stronger compared to AA1050-H14, hence bending occurred
on the advancing side. This behaviour is in agreement with the behaviour observed in the tensile
analysis. The post-bending results showed the tested specimens without failure. This means that the
welded materials bonded well during welding.

 

Figure 12. (a) Tested bending specimen (face), (b) Tested bending specimen (root).
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Figure 13. Tested bending specimen (parent materials).

Figures 14 and 15 show bending stress and strain curves of the joint, together with parent materials.
As it has been mentioned before that all the welded specimens bent on AA1050-H14, the flexural
stresses for both face and root were within the range of that of AA1050-H14 (see Table 4). The average
stress for face and root was 218.94 MPa and 259 MPa, respectively. These values suggest that the
root side of the weld was stronger than that of the face. This could be caused by the fact that the
lower side of the weld was exposed to the restricted downward movement due to bed backing plate.
The flexural stress values were comparatively higher than the tensile values and this was due to higher
temperatures involved during FSW.

 

Figure 14. Bending stress—strain curves (face).
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Figure 15. Bending stress—strain curves (root).

Table 4. Bending test results.

Specimen Flexural Strength (MPa) Flexural Strain

Face - -
A 240.56 0.43
B 180.38 0.41
C 235.88 0.39

Average stress 218.94 -
Root - -

A 234.75 0.5
B 272.25 0.44
C 270 0.45

Average stress 259 -
Parent Materials - -

AA1050-H14 240.19 0.46
AA5083 818.44 0.44

4.4. Scanning Electron Microscopy (SEM)

It should be noted that the fractured surface for base metals was studied comparatively with
specimen C. The elimination of other specimens was due to the fact that there was no distinction on
the surface morphology for the other specimens. Figures 16 and 17 show the surface morphologies of
the base metals and weldment (joint). All the specimens showed a cup-like dimpled fracture, which is
a characterization of ductile failure mode [30,32,33]. The similarity in surface fracture suggests that the
ductility of the materials involved in the joint formation was preserved post welding even though
there was some percentage of elongation variation.
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Figure 16. Micrograph of parent material.

 

Figure 17. Micrograph of the welded specimen.

5. Conclusions

The absence of voids or defects on the macrostructure of the joint suggests the success of welding
the two dissimilar aluminium alloys (AA1050-H14 and AA5083-H111). The UTS of the base metals was
found to be higher than the UTS of the tested specimens. In addition to this, the specimen extracted at
the beginning of the weld exhibited the lowest UTS compared to the specimens extracted from other
locations of the weld. The ductility of the specimens fluctuated between that of the parent materials.
The fracture location was found to be consistent with the one reported in the literature [11,12,16].
This kind of failure is due to the coarsened grain found in the location of failure (AA1050-H14 HAZ
region). The characteristic hook defect on the side of the weaker material was also observed during the
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microstructural analysis [29–31,33]. The morphology of the fracture surface indicated ductile failure
mode, which was characterized by cup-like dimples for all the specimens.
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Abstract: The present research investigates the effects of different welding techniques, namely
traditional metal inert gas (MIG), cold metal transfer (CMT), and fiber laser-MIG hybrid, on the
microstructural and mechanical properties of joints between extruded EN AW 6181/6082-T6 and cast
EN AC 42100-T6 aluminum alloys. These types of weld are very interesting for junctions of Al-alloys
parts in the transportation field to promote the lightweight of a large scale chassis. The weld joints
were characterized through various metallurgical methods including optical microscopy and hardness
measurements to assess their microstructure and to individuate the nature of the intermetallics,
their morphology, and distribution. The results allowed for the evaluation of the discrepancies
between the welding technologies (MIG, CMT, fiber laser) on different aluminum alloys that represent
an exhaustive range of possible joints of a frame. For this reason, both simple bar samples and
real junctions of a prototype frame of a sports car were studied and, compared where possible.
The study demonstrated the higher quality of innovative CMT and fiber laser-MIG hybrid welding
than traditional MIG and the comparison between casting and extrusion techniques provide some
inputs for future developments in the automotive field.

Keywords: aluminum alloy; fiber laser-MIG hybrid; CMT; MIG; hybrid joints; microstructure; hardness

1. Introduction

1.1. Background

Aluminum alloys have recently increased their employment in different engineering fields,
especially for transport, due to their excellent properties including good corrosion resistance, high
strength, good formability, and low density [1–4]. The current main requirements of the automotive
field such as the necessity of reducing emissions, the improvement of vehicle performance, and the
preservation of safety targets [5–7] imply a further need to improve and study lightweight structures
fabricated from aluminum alloys [8–10]. The manufacturing of complex shapes, where welded joints
are usually required, is even more challenging.

1.2. Aluminum Alloys Weldability

The welding of aluminum alloys is considered a slightly difficult process due to its high thermal
and electrical conductivity, high thermal expansion coefficient, refractory aluminum oxide (Al2O3)
formation tendency, and low stiffness. These characteristics, in general, make these alloys sensitive
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to defect formation that may lead to the loss of chemical, metallurgical, and mechanical properties.
Typical welding defects in aluminum alloys are gas porosity, oxide inclusions and/or oxide filming,
solidification (hot) cracking or hot tearing, reduced strength in the weld and heat affected zone (HAZ),
lack of fusion, and reduced corrosion and electrical resistance. These defects determine reduced
strength and corrosion in the fusion zone (FZ) and HAZ, with a general decrease in mechanical
properties. These defects are generally reduced, providing efficient protection from the contamination
of atmospheric gases to the weld pool or/and decreasing the influence of the weld thermal load by
using welding processes with higher energy density [11,12].

These problems have to be faced, mainly due to the increasing employment of Al in complex vehicle
parts, which implies a higher number of potential applications of Al hybrid structures. For example,
during the last few years, both cast and wrought Al parts have been introduced in automotive complex
shapes, which entails the need to join them into the final structure. Indeed, the dissimilar aluminum
alloy joint can combine good strength and corrosion resistance, which is typical of this material,
with exceptional castability used where complex sub-sections are needed, and excellent mechanical
properties, achieved in other specific areas made of extruded parts.

1.3. Aluminum Alloys for Automotive Field

Against this background, the Al–Si–Mg alloy class is one of the most widely used for the
production of aluminum casting components. In particular, the cast Al−7Si−Mg (EN AC 42100, also
defined as A 356) alloy is widely used in automotive applications thanks to its high specific strength.
Its microstructure consists of primary α (Al) grains and eutectic (Al–Si) structures. T6 heat treatment is
normally used to obtain the desired mechanical properties. The solution treatment dissolves the β

phase (Mg2Si particles) in the Al matrix, homogenizes the alloying elements in the casting, and modifies
the morphology of the eutectic structures [13–16]. Wrought aluminum is a widely used alloy in the
automotive field, especially the heat-treatable 6xxx series, which is characterized by high strength and
good corrosion resistance [17]. Two of the most commonly used are the wrought EN AW-6181-T6 and
EN AW-6082-T6 aluminum alloys. These are age-hardenable alloys, thus their mechanical properties
are mainly controlled by the hardening precipitates contained in the material. When the material
is subjected to a solution heat treatment followed by a quenching and a tempering treatment, their
mechanical properties reach their highest level. According to the literature [18–20], the T6 temper of the
6xxx alloys involves very thin precipitates, namely β”needle shaped precipitates, with a nanometric
size and is partially coherent with the matrix. One of the most interesting characteristics of these alloys
is the good weldability that, along with other properties, makes them very attractive in transport
for complex structures assembled by welding [21,22]. Several works have studied the welding of
aluminum and other alloys such as magnesium, steel, or titanium [23–26]. Only a limited number of
scientific papers [27–32] have investigated the welding of dissimilar aluminum alloys together. These
papers mainly deal with friction stir welding (FSW) [33,34], which, despite its potential, still has a high
cost that needs to be improved in order to be used in industrial high volume applications. Wang et
al. [35] studied the tensile properties and microstructure of a joined wrought EN AW-6181 aluminum
alloy and vacuum high pressure die cast A356 aluminum alloy by using the metal inert gas (MIG)
technique. The results showed that the low strengths of the A356-T6 alloy should be attributed to the
absence of Mg-based intermetallic phase, coarse grain, and porosity, but the effect of the microstructure
of the two base metals (BM) on the mechanical properties was not reported. An interesting study
by Nie et al. [36] examined the microstructure, distribution of alloying elements, and mechanical
properties of the wrought aluminum alloy 6061-T6 and cast aluminum alloy A356-T6 joined using
a pulse MIG welding process. Additionally, the influence of welding speed on the microstructure
and mechanical properties of the joints was investigated. They observed brittle Fe-rich phases in the
partially melted zone and minimum hardness in the A356 aluminum alloy side. Some authors have
recently tried to apply hybrid laser-arc welding to Fe–Al dissimilar joints [37], but in that case, the
process was instable because of the significant difference in the thermal- and fluid-dynamic properties
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of the two metals. On the other hand, for this configuration, full penetration and low defectiveness
were obtained by laser offset welding. Wang et al. applied laser welding with different beam oscillating
modes on 5A06 aluminum alloy sheets and found that welding defects such as welding porosity could
be improved by laser beam oscillation [38].

1.4. Welding Techniques Examined

In recent times, alternative welding techniques have been successfully applied to aluminum alloys.
MIG welding is an electric arc welding process that uses a continuously fed wire into the weld pool.

It can be used to join long stretches of metal without stopping. Among the main advantages of this
type of weld are that good quality welds can be produced much faster and there is flexibility for a wide
variety of alloys. In addition, thanks to the gas protection, there is very little loss of alloying elements.
Unfortunately, MIG welding cannot be used in vertical or overhead welding positions because of the
high heat input, the fluidity of the weld puddle, and the complexity of the equipment [11,39].

CMT is a form of modified MIG welding based on the short-circuiting transfer process that
guarantees interesting achievements such as process stability, reproducibility, and cost-effectiveness.
This process differs from MIG welding only in the type of mechanical droplet cutting method that
provides controlled material deposition and low thermal input by incorporating an innovative wire
feed system coupled with a high-speed digital control. The two main advantages of the CMT process
are the low heat input and the occurrence of short circuits in a stable controlled manner [40–43].

Laser welding is a very interesting joint process due to the high welding speed, smaller heat-affected
zone (HAZ), and low deformation. Unfortunately, the high cooling rates can lead to the formation
of hardening structures that increases hardness, decreases plasticity of the weld joint and HAZ, and
increases the level of residual stresses. Fiber laser welding is one of many laser processes where the
laser light is generated in a remote source and guided to the work piece by a flexible delivery optic fiber.
The main benefits of this type of weld are the good beam quality, high precision control, lower heat
input, lower electrical energy consumption, low cost of maintenance, and compact size. Welding with
the laser technique requires alignment, fixation, and welding process control. This critical procedure
can be solved by using the twin spot laser technique with filler wire or hybrid arc-laser welding,
but will decrease the welding speed. One of the ways to solve this problem is the use of laser beam
wobbling mode [11,12,44–50].

1.5. Aim of Work

The aim of the present study was to extend this last study and to investigate the feasibility,
microstructural, and mechanical properties of EN AW-6181 or 6082-T6/EN and AC 42100-T6 aluminum
alloy joints by considering other welding techniques. In particular, the present article analyzes and
compares the metal inert gas technique (MIG), with cold metal transfer (CMT) and fiber laser-MIG hybrid
welding through the evaluation of the final microstructure, the analyses of grain size, second-phase
fraction, and dissolution of the precipitate in HAZ and FZ. Optical microscopy (OM) as well as the
mechanical properties of welds (micro and macro hardness) were used. Junctions of both samples and
a prototype frame of a sports car were examined and compared.

2. Materials and Methods

2.1. Base Metal and Filler Wire Materials

In order to be as reliable as possible, the analyses were carried out on samples machined from
a prototype of an actual sports car frame composed of different aluminum alloys welded together.
It is worthwhile noting that the opportunity to study actual automotive parts is extremely relevant
to evaluate the real quality of the welds, especially considering that the automotive sector is highly
demanding in terms of both market rules and safety regulations. Another relevant topic is the presence
into the frame of joining between both wrought and cast alloys such as EN-AW 6181-T6, EN-AW
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6082-T6, and EN AC 42100-T6. At the same time, in order to complete the research activity, samples
were appositely made to reduce the data variation that could arise from a real frame investigation.
In particular, extruded and casting bars were used to realize the same different combinations of the
frame (EN AW-6181-T6 and EN AC 42100-T6).

During the welding, we used an additional UNI—ER 4043 (AlSi5) filler wire with a diameter
of 1.2 mm to minimize either the porosity, the notching, or the cracking susceptibility of the joint.
The chemical compositions of the base and filler materials selected in this study are reported in Table 1.

Table 1. Chemical composition of aluminum alloys.

Alloy Si Fe Cu Mn Mg Cr Zn Ti Total Others El. Al

EN AW-6181 0.8–1.20 0.45 0.10 0.15 0.60–1.0 0.10 0.20 0.10 0.15 Bal.

EN AW-6082 0.7–1.3 <0.50 <0.10 0.4–1.0 0.60–1.2 <0.25 <0.20 0.10 <0.05 Bal.

EN AC-42100 6.50–7.50 <0.60 <0.25 <0.35 0.20–0.45 - <0.35 <0.25 0.15 Bal.

UNI – ER 4043 4.5–4.6 0.8 0.3 0.005 0.05 - 0.1 - - Bal.

2.2. Design of the Joint

The frame was entirely joined by a manual welding MIG. Different samples were obtained from
cross sections of the components and can be summarized as follows:

• Two extruded (EN-AW 6082-T6)-extruded (EN-AW 6082-T6) welds (Figure 1a); and
• Two extruded (EN-AW 6082-T6)-cast (EN AC 42100-T6) welds (Figure 1b).

Additional samples made from the bars joining were realized in order to investigate a wider
mixture of couplings, as follows:

• Cast bar with cast bar (indicated as C-C);
• Extruded bar with cast bar (indicated as E-C); and
• Extruded bar with extruded bar (indicated as E-E).

In addition, the comparison on a simpler geometry is useful to avoid potential influence on
the results related to the different and complex shapes of the welding in the various sections of
the frame. Each above-mentioned combination was welded with three different techniques: MIG,
CMT, and the fiber laser-MIG hybrid. Thus, nine different kinds of samples were analyzed: three
materials matching and three welding processes. The bars used were 3 mm thick with dimensions
of 100 × 25 mm, as shown in Figure 2. Full penetration joints with zero gap were achieved and the
welding direction was parallel to the sample’s axis. Before welding, the oxide films were removed
by using emery cloth and acetone. The welding machines used were the TPS 320i, Fronius RCU
5000i(Fronius Italia S.r.l., Verona, Italy), and TS 4.20 2D (TTM LASER SPA, Brescia, Italy) for the MIG,
CMT, and fiber laser-MIG hybrid joints, respectively. All joints were performed in a protective argon
atmosphere with a robotic setup and without preheating. A welding current of about 130–140 A and a
welding voltage of approximately 18–20 V with a wire feeding rate of 6–8 m/min were used for MIG
and CMT. The gas flow rate was 14.5, 15, and 20 l/min for MIG, CMT, and fiber laser-MIG hybrid joints,
respectively. A wobble circular pattern with the speed of 8–10 mm/s and laser power of 3–4 kW was
used for the fiber laser-MIG hybrid welding to achieve a wider weld beam and reduce the porosities.
The wobbling frequency was about 100 Hz with amplitude of 40◦ and the torch angle from the surface
was around 85◦.
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(a) (b) 

Figure 1. Samples obtained from the sub-frames: (a) extruded (6082-T6)-extruded (6082-T6) welds,
(b) extruded (6082-T6)-cast (EN AC 42100-T6) welds.

Figure 2. Example of the samples used for the different weld techniques.

2.3. Microstructure Characterization

In order to analyze the defects and microstructures of the joints, the different welded samples
were examined using a Leica DMI 5000M (Leica Microsystem, Milan, Italy) optical microscope
and LEO EVO-40 XVP Scanning Electron Microscope (SEM) equipped with Energy Dispersive
Spectrometers (EDS) (LEO EVO 40, Carl Zeiss AG, Milan, Italy). The welds were observed
using the Leica Application Suite (LAS 4.0, Leica Microsystem, Milan, Italy), which is an image
processing software tool for image analysis that integrates a Leica automated microscope and digital
camera. For metallographic observations, transversal sections of the samples were prepared with
standard metallographic techniques (ground with SiC papers and polished with 1 μm diamond paste).
The samples with the extruded part were etched with Keller’s reagent in order to better investigate the
defects and microstructures.

2.4. Hardness Test

Macro-hardness Rockwell scale F (HRF) was performed along a planar section of the welded joint
while micro hardness Vickers (HV) was performed on the cross section of the welds. Hardness profiles
were obtained by measuring the hardness at regular distances starting from the center of the weld and
moving forward the base metal. For HRF measurements, a hardness tester Rockwell Rupac 500Mra
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(Rupac srl Milano, Italy) with a 1.58 mm steel ball indenter diameter, load of 588 N (60 Kgf), and dwell
time of 15 s was used, following the ASTM E 18-03 procedures [51]. At least three measurements
were made and the average value was then considered. Vickers microhardness tests were carried
out under 2.94 N (0.3 Kgf) load applied for 15 s by means of a Mitutoyo HM-200 hardness testing
machine (Mitutoyo Italiana srl, Lainate, Italy, according to ASTM E92-16 [52] and ASTM E140-02 [53].
The microhardness profile was obtained in the center of the cross section after preliminary analyses
confirming that the effect of the position was negligible for all three couplings of materials. The BM
hardness was assumed to be 66 HRF, 65–70 HV for the 6xxx-T6 extrusion and 77 HRF, 85–90 HV for the
EN AC 42100-T6 casting [54].

3. Results and Discussion

3.1. The Weld Geometry and Weld Defects

3.1.1. Frame Samples

Defects typical of aluminum weldings were observed including porosities and some incomplete
penetration, as summarized in Figures 3 and 4. Figure 4 highlights some hot crackings (white circle)
that occurred during MIG welding in the partially molten zone (PMZ). Indeed, the UNI ER-4043 filler
wire increases the risk of liquation cracking because it decreases the local heat input and reduces the
softening in the PMZ. Welds are usually inspected using liquid penetrant testing, which is a very
valuable tool during new construction and in-service inspections. Figure 4 shows a liquid penetrant
exam conducted during the quality tests of the present case study that revealed the presence of some
incomplete penetrations of the joint. The geometries of the weld seam examined are essentially a “v”
or “u” groove with a very different width, depending on the frame position.

 

Figure 3. Defects and microstructures of metal inert gas (MIG) frame joints. E-E combination.
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Figure 4. Defects and microstructures of MIG frame joints. E-C combination.

3.1.2. Bar Samples

Figure 5 shows an overview of the microstructure for each weld seam analyzed. These images
were obtained from a collage of numerous local 50×microstructures of the weld cross section in order to
guarantee high quality of the analysis. In Figure 5, different geometries of the weld seams, depending
on the welding technology, can be noted: v and/or u groove and width from 6 to 8 mm; u shaped butt
joint and width from 9 to 10 mm; and v groove and width from 2 to 4 mm for MIG, CMT and fiber
laser welding, respectively.

 
Figure 5. Weld geometry and defects of MIG, CMT (cold metal transfer), and fiber laser-MIG
hybrid joints.

From a quality point of view, in the C-C combination, the CMT samples had the highest and most
homogeneous diffusion of porosity in the fusion zone (FZ); MIG welds had a slightly smaller porosity
in the FZ and the fiber laser-MIG hybrid welded samples only had some porosities. E-E and E-C were
almost porosity free, thanks to the use of a wobbling head.

The average porosity diameter ranged from 21 μm to 145 μm and 18 μm to 120 μm for CMT and
MIG, respectively. The fiber laser-MIG hybrid only had one significant porosity with a diameter of 270
μm, while a few others had dimensions similar to that in the CMT case.

It is remarkable to note that the overall highest level of porosity was observed in the joints with
cast bars, especially in C-C. Indeed, castings have a high amount of Si, which reduces the thermal
conductivity and increases the local heat near the welding seam. In addition, castings have more
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porosities than extrusions due to the lower solubility of hydrogen in solid aluminum than in liquid
aluminum, which results in a diffusion of the entrapped hydrogen from the casting to the FZ during
welding. This defect could be reduced by using vacuum casting in welding structures. It should
also be noted that another defect was present, the incomplete penetration of the joint, mainly in the
C-C combination of MIG welding. For the sake of clarity, incomplete joint penetration is defined as a
condition of a weld where the filler metal does not extend through the entire joint thickness.

3.2. Material Characterization Results

3.2.1. Frame Samples

The 6082–T6 and 6181–T6 alloys, which are quite similar in composition and consequently also in
mechanical behavior, have similar metallographic structures. In Figure 6, it is possible to observe the
microstructure of the extruded 6181–T6 where the deformation direction and the consequent anisotropy
are clearly visible. The grains are rather small thanks to the manganese fining properties.

  
(a) (b) 

Figure 6. (a) Microstructure of the 6082-T6 alloy, BM. Keller etch, 500×; (b) Microstructure of 6181-T6
alloy, BM. Keller etch, 100×.

The EN AC 42100-T6 alloy microstructure is a typical example of an Al–Si alloy from a foundry. Cast
alloys usually contain more alloying elements, therefore cooling can be quite long and a coarse-grained
dendritic structure can be achieved. Like all foundry materials, it suffers from the presence of micro-
and macro-segregation. Figure 7a shows the dendritic microstructure of the EN AC 42100-T6 BM, the
large white dendrites (α-Al), and dark Al–Si eutectic in the space between the grains. Additionally,
in this figure, it is possible to note some large shrinkage porosity, a frequent defect in the observed
cast samples. In Figure 7b, the clear difference between the HAZ and FZ of the cast component side is
highlighted. The PMZ was about 200–300 μm long. It should be also noted that during solidification,
the material tends to also maintain a crystallographic continuity in the interface zone; in fact, the
dendrites in the PMZ are developed starting from those already present in the cast. The microstructures
at the interface between E-E and E-C are visible in Figures 3 and 4, respectively. Figure 3 reports
the particular structure observed at the interface between the extruded material and the FZ. Starting
from the extruded grains, the following changes occurred in the metallurgical structure: first planar,
then cellular, and finally dendritic. These microstructural changes are a consequence of the growth
rate effect at the solidification front. Moreover, the Keller etch highlighted two remarkably different
structures on the extruded parts. In the upper one, the structure had coarse equiassic grains close
to the outer side of the extrusion and was gradually thinner toward the center; the lower part had
a completely different microstructure, probably due to the different reduction ratios and extrusion
parameters. It is important to note that in both laminas, there was a skin zone on the outer faces.
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Figure 7. (a) Microstructure of the EN AC 42100-T6 alloy, 50×; (b) Microstructure present at the fusion
zone (FZ)/cast component interface, 50×.

3.2.2. Bar Samples

The microstructural features of the interface between HAZ, PMZ, and FZ in all combinations for
the three weld techniques are reported in Figures 8–10. In particular, the FZ of the MIG, CMT, and
fiber laser joints was constituted by a dendritic structure of aluminum solid solution (α-Al) and Al–Si
eutectic for all of the cases examined, with the dendrite arm spacing slightly wider in the MIG and
CMT joints with respect to that of the fiber laser. Looking at the HAZ, it is possible to observe that
the extruded portion of the bar contained few elongated grains. Regarding the cast bar, in the HAZ,
the white dendritic Al primary phase that resulted extended from the PMZ zone and was longer than
that in in the base metal; a grey spheroidized Al–Si eutectic was also present at the grain boundary.

For the C-C combination (Figure 8) the PMZ for the MIG and CMT techniques had a regular
evolution and covered about 200–300 μm and 500 μm of the interface area, respectively. It should also
be noted that the PMZ for the laser weld had an irregular profile and this area was smaller but had
longer dendrites.

 
Figure 8. Macrostructures of the interface between the HAZ (heat-affected zone), PMZ (partially molten
zone), and FZ (fusion zone) in the Cast-Cast combination (C-C), Keller etch, 50×.

For the E-E combination, it is possible to observe the PMZ, which was characterized by the
presence of intermetallics visible even at low magnification (Figure 9). In this type of joint, the PMZ
was slightly smaller than that in the C-C case, especially for the laser technique.

177



Metals 2020, 10, 441

 
Figure 9. Macrostructures of the interface between the HAZ, PMZ, and FZ in the Extruded-Extruded
(E-E) combination, Keller etch, 50×.

Figure 10 reports the E-C coupling; the extrusion–weld and the casting–weld interfaces are reported
in the left and right side of the picture, respectively. The FZ of the joint consisted of a fine-grained
dendrite structure formed by α-Al and Al–Si eutectic. Regarding the FZ/cast bar interface, the PMZ
was due to the re-melting of the eutectic compound [55]. In this case, the grain size in PMZ was larger
than that in the FZ, but the microstructure had a dendritic aspect with dimensions increasing from FZ
to HAZ and a crystallographic continuity through the section due to the partial remelting. Looking at
the extrusion–FZ interface, the change of structure was clearly less evident. The FZ microstructure in
this part was similar to the cast alloy side. In the PMZ, the low melting point segregation phase was
etched severely, was not uniform, and agglomerated near the FZ. In addition, the extrusion grains
were more elongated in this configuration when compared to E-E, most likely because the casting side
of the coupling implies an increase in local heat, due to the reduced thermal conductivity.

Figure 10. Macrostructures of the interface between the HAZ, PMZ, and FZ in the Extruded-Cast
combination (E-C), Keller etch, 50×.

3.3. Hardness Distribution

From the hardness evolution depending on the distance from the welding axis, it is possible to
acquire information on the temperature profiles reached in the HAZ. The Al alloys, as objects of study,
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can be approximated to a pseudo binary Al-Mg2Si system. For this class of alloys, the hardening
metastable phase is subjected to a precipitation process that is generally reported in the following
steps: β” (hardening metastable phase), β’ (intermediate metastable phase), and β (equilibrium phase
Mg2Si). On the basis of previous work [56,57], the maximum hardness value was reached with the
metastable phase β” having a needle-like structure. The hardness contribution of phase β’, which had
a rod morphology, was moderate, while that of the β equilibrium phase was almost negligible.

The allotropic transformations of Mg2Si correlate to their transformation temperatures, identifiable
in about 240 ◦C as the upper limit for β” and approximatively 380◦ C for β’ (see Figure 11 scheme).
Considering that the local temperature peaks reached during the welding process decrease as distance
from the fusion line increases, the following HAZ subzones can be identified:

• Re-solubilization area (PMZ): In the PMZ, the high temperature (T > 450 ◦C) induces a complete
dissolution of hardening precipitates. During cooling, according to times and temperature reached,
the re-precipitation of hardening compounds could be possible.

• Intermediate area: The temperature exceeds 380 ◦C and the transformation of the equilibrium
phase β takes place. Indeed, in this area, located at about 10 mm from the FZ, it is possible to
observe the minimum hardness value.

• Over-aging area: 380 < T (◦C) < 240. In these zones, the increase in hardness could be justified
with the transformation of β” in β’.

• Slightly altered zone: Temperatures do not exceed 240 ◦C, thus any marked over-aging phenomena
of β” can be avoided. In this area, the hardness value tends to be the base material, even if some
hardness fluctuations are still present.

Figure 11. Evolution of the micro-hardness HV (hardness Vickers) in the E-E sub-frame combination as
a function of the position along a transverse section of the weld (MIG joint).

179



Metals 2020, 10, 441

3.3.1. Frame Samples

The micro-hardness results obtained for the E-E and E-C samples are summarized in Figures 11
and 12, respectively. Regarding the E-E sample, it can be observed that the FZ maintained a fairly
constant hardness, around 60 HV, while there was first a hardness increase (about 90 HV) in the PMZ,
followed by a decrease to 60 HV in the HAZ. Finally, the BM hardness was restored at about 20–25 mm
from the fusion line for both the extrusion and casting interfaces. For the E-C sample, the HV profile of
the extruded component showed a qualitative trend similar to the previous E-E analysis. In this case,
however, the local minimum was approximately 80 HV; this suggests that during the welding process,
the critical temperature of 380 ◦C was not reached, or not maintained long enough to complete the
transformation of Mg2Si in the equilibrium phase β. The HAZ was only about 12 mm from the fusion
line, confirming the possibility that in this case, the welding process was faster than in the previous one.
For the cast component, the micro-hardness profile was similar to that of the extrusion, but showed
that the plastic deformation aluminum alloy was more sensitive to the thermal cycle than the cast one.

 
Figure 12. Evolution of the micro-hardness HV in the E-C sub-frame combination as a function of the
position along a transverse section of the weld (MIG joint).

3.3.2. Bar Samples

In Figures 13–15, the macro and micro hardness results for the bar welded specimens are reported.
Concerning the analysis of all samples, the HV profile in the MIG welded samples showed the
strongest reduction of mechanical properties; the fiber laser-MIG hybrid welded samples showed
the best behavior, while the CMT welded samples had intermediate characteristics. The use of UNI
ER 4043 filler material, softer than EN AW 6082, certainly contributed to the mechanical properties,
especially in the FZ. Regarding the E-E samples, the microhardness profiles confirmed the results
and the interpretations obtained in the E-E frame case. In addition, a different behavior could be
observed looking the macro-hardness HRF profiles. In this case, MIG and CMT had a very similar
trend, with about 62 HRF in the FZ and little loss of hardness up to the HAZ, which was wider in
the MIG technique case. For the laser technique, the weld area was the softest, there was a slight
decrease at 5 mm, and the hardness finally tended to increase. These differences revealed in the FZ and
PMZ are probably due to the diverse heat input from the MIG, CMT, and laser welding process on
the external surface of the samples. Furthermore, the specimens were thinner compared to the frame
sections. These considerations clarify why the heat exchange was greater in the bar surfaces, both with
respect to the cross section of the same samples and to the joints of the frame. For the C-C joints, the
micro-hardness profiles showed a clear definition of the BM, HAZ, and FZ. The trend was very similar
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for all techniques, but the hardness in the FZ center was very different, probably due to the presence of
typical defects of the cast alloy used. Similar considerations can be advanced for hardness variations
also observed in other areas of the samples. In the PMZ zone, the HV reached a hardness value of
about 78–80 for MIG and CMT and 86 HV for the laser technique. In the HAZ, there was a slight drop
of HV and afterward, the area far from the melt zone around 20 mm tended toward the stabilization in
the HV value (50–55 HV for MIG and CMT, 80 HV for laser). The evolution of the macro-hardness
HRF followed the trend already achieved in the case of the E-E combination. Noteworthy is the trend
difference between CMT and MIG. Although the evolution was similar, the CMT welding showed
a softer passage between the various zones. Once again, this fact is due to the different heat input
during welding. It should be noted that MIG welding had drastic effects on the hardness, which
reached values typical of an annealing. CMT welding had similar, but less pronounced effects. This
could be caused by the high thermal input on thin samples, which caused an effect equivalent to an
annealing treatment. This is probably also related to the high percentage of silicon (~7%) in this cast
alloy, which entails a low material conductivity and a consequent difficult dissipation of the welding
heat. On the other hand, during the laser technique, the heat input was highly localized in the FZ, thus
this behavior was not observed.

Indeed, for the E-C coupling, the HV values confirmed the results of the tests conducted on
the other two combinations and the E-C frame case studied. In particular, it was confirmed that
the extruded component (Si~1%) better conducted the heat produced during welding, resulting in a
reduced change in hardness [58–60]. Looking at the hardness profiles, considerations similar to E-E
and E-C can be advanced for extrusion-welding and casting-welding interfaces, respectively. With
regard to the HRF hardness test, the typical evolution was obtained, with an initial HRF peak in the
PMZ, a subsequent decrease, and a gradual restoration of the properties as distance increased. It is
worthwhile also noting that the HRF profile demonstrated the difference in heat exchange between the
cast and extruded component during welding.
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Figure 13. Evolution of the macro-hardness HRF and micro-hardness HV in the E-E combination of the
weld for laser, CMT, and MIG.
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Figure 14. Evolution of the macro-hardness HRF and micro-hardness HV in the C-C combination of
the weld for laser, CMT, and MIG.
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Figure 15. Evolution of the macro-hardness HRF and micro-hardness HV in the E-C combination of
the weld for laser, CMT, and MIG.

3.4. SEM Analysis

The PMZ and HAZ are crucial areas in weld alloys that are hardened by artificial aging.
The transformation phase along the welding profiles was explained in the previous section. In addition,
in the literature [55,56], it is documented that the microstructure of the welded Al–Si alloys is
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characterized by the presence of elongated particles (dimensions of about 1–10 μm) and extremely
fine particles (size approximately of 0.1–0.5 μm) dispersed in a matrix with uniformly distributed
micropores. This is remarkable, since it has been reported that Si-rich precipitates are found due to
the excess silicon in the alloys. The larger particles were identified as the (Fe, Mn)3SiAl12 compound,
while the finer ones were Mg2Si, the hardening phase obtained during thermal treatment (T6).

The structures of both EN AC 42100-T6 and 6000 series joints were revealed by the SEM/EDS
investigations, as reported in Figure 16. The fusion zone had a chemical composition that was affected
by the AA 4043 filler metal in addition to the welded materials. The chemical analysis of the white
particles confirmed that these could be the compound (Fe, Mn)3SiAl12, with an average size about
3–5 μm. These particles were observed in both the extrusion and casting components, where the
concentration was higher. The analysis of the PMZ highlights that the fiber laser-MIG hybrid samples
had the highest presence of these particles with a finer morphology, while for the MIG and CMT
techniques, the amount and dimensions were very similar.

Figure 16. Some examples of the precipitate types in the PMZ: chemical composition in wt%.

4. Conclusions

The present paper studied different welding techniques applied to hybrid aluminum alloys (EN
AW-6181 T6 and EN AC-42100 T6) joined each other in all possible combinations. First, a real case
study was analyzed, which consisted of a sports-car frame where the cast EN AC-42100 T6 and EN
AW-6082 T6 aluminum alloys were welded with the traditional MIG technique. The MIG, CMT,
and fiber laser-MIG hybrid joints of EN AW-6181 T6 and EN AC-42100 T6 bars were studied to extend
the study to other techniques that are difficult to find in real applications and compare the results in a
more reliable way in simpler and more reproducible geometries. The microstructure and hardness
properties were evaluated and the main conclusions can be summarized as follows:

• From a quality point of view, the typical defects of welded aluminum alloys such as porosity
and the incomplete penetration were observed mainly in the frame welds. Then, cracks were
noticed only in the frame joints, most likely due to a greater difficulty in heat dissipation for
higher thicknesses and more complex geometries. In addition, typical casting defects, mainly
shrinkage cavities, were found.

• Regarding the macrostructures, a greater quality was observed for the fiber laser joint. Then, the
FZ, PMZ, and HAZ microstructures were observed. All joints had similar FZ microstructures, with
the weld seam characterized by fine dendrites. The chemical composition of the fusion zone was
affected by the addition of UNI ER 4043 filler. The PMZ was even observed at low magnification
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and its width was greater in the C-C case. In general, the innovative techniques (CMT and fiber
laser hybrid) allow a better microstructure to be obtained than the traditional technique (MIG).

• Hardness tests (HRF and micro-HV) demonstrated that the mechanical characteristics of the PMZ
and HAZ were better for the innovative techniques due to reduced changes in their microstructure
when compared to the MIG technique. In particular, the fiber laser-MIG hybrid technique showed
the best behavior, and the CMT welded samples had intermediate characteristics. Considering
the relationship between the local temperature peaks reached during the welding process and the
hardness value obtained, four HAZ subzones were identified:

- Re-solubilization area (PMZ, T> 450 ◦C) with a complete dissolution of hardening precipitates
and subsequent re-precipitation related to cooling parameters;

- Intermediate area (about 10 mm from FZ, T > 380 ◦C) where the β transformation takes place;
- Over-aging area: (380 < T (◦C) < 240) with the β” to β’ transformation; and
- Slightly altered zone (T< 240 ◦C) where any marked over-aging phenomena ofβ” are avoided.

• The best behavior was observed, as expected, for the E-E samples, while the worst results were
observed for the C-C combination, especially in the MIG welding, where the hardness values
were typical of an annealing. This could be caused by both the high thermal input on thin samples
and the high percentage of silicon (~7%) in this cast alloy (low material conductivity and difficult
welding heat dissipation). Finally, the E-C coupling showed intermediate properties.

It can be concluded that the present study demonstrated the higher quality of innovative CMT
and fiber laser-MIG hybrid welding over the traditional MIG, either in terms of metallurgical or
mechanical properties. The properties achieved during these experiments could be useful information
during the design of real automotive applications due to the increasing demand of highly loaded and
lightened structures. Thus, there will be an increasing need for thinner and hybrid combinations of Al
alloys that can be addressed by looking at the present database of CMT or laser-MIG hybrid welding
results. In addition, the comparison between casting and extrusion techniques provided some input
for future development in this field, which, for example, would require better thermal management of
the welding input in order to increase the casting welding quality.
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Abstract: The International Maritime Organization (IMO) is tightening regulations, in order to reduce
greenhouse gas emissions from ship operations. As a result, the number of vessels using Liquefied
Natural Gas (LNG) as fuel has increased rapidly. At this time, ASTM A553-1 (9% nickel steel) is
being used as a tank material for storing LNG as fuel, because it has higher strength than other
cryogenic materials. Currently, shipyards are manufacturing LNG fuel tanks by using the Flux Cored
Arc Welding (FCAW) method, using 9% nickel steel material. However, fabrication through FCAW
welding has two drawbacks. The first is to use a welding electrode that is 20 times higher in cost than
the base metal, and the second is that the total production cost increases because the thickness of
the tank increases due to the strength drop near the Heat Affected Zone (HAZ) after welding. Laser
welding, which does not require additional welding rods and has no strength reduction in the HAZ,
can overcome the drawbacks of FCAW welding and ensure price competitiveness. In this study,
it is confirmed the characteristics of the penetration shape of Bead on Plate (BOP) after various laser
welding conditions as a basic study to apply laser welding to A553-1 welding. For this, penetration
characteristics of A553-1, according to laser welding speed and power, which is a main factor of laser
welding, are confirmed.

Keywords: laser welding; ASTM A553-1 (9% nickel steel); penetration shape; Bead on Plate (BOP)

1. Introduction

With the global environmental regulations to prevent climate change, regulations on emissions
of ships are intensifying. In the shipbuilding industry, the use of Liquefied Natural Gas (LNG) for
marine fuel is continuously studied as an alternative to existing fossil fuels [1–5]. By using LNG as
fuel, CO2 emission is reduced by about 20%, nitrogen oxides (NOx) by 80%, sulfur oxides (SOx) by
90% and particulate matter (PM) by 99%, in comparison to using Heavy Fuel Oil (HFO), which is the
existing marine fuel. It enables Tier III compliance, which is the latest regulation from International
Maritime Organization (IMO). In other words, in the case of ships using LNG as fuel, it is possible to
operate eco-friendly vessels without the need for additional equipment, to reduce harmful exhaust gas
when operating.

A total of four materials (9% Nickel, STS 304L, Al 5083-0 and Invar) are available for the
low-temperature/cryogenic energy storage/transport vessels approved by International Code of the
Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC Code) [6]. Moreover,
mechanical properties are shown in Table 1.
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Table 1. IGC Code list of cryogenic fuel tank material.

Material Chemical Composition Yield Strength (MPa) Ultimate Tensile Strength (MPa)

9% Nickel Fe-9Ni >585 690–825
STS304L Fe-18.5Cr-9.25Ni >205 >585
Al5083-0 Al-4.5Mg 124–200 276–352

Invar Fe-36Ni 230–350 400–500

A553-1 is used as a material for cryogenic tanks, such as LNG, and has recently been used as
an LNG fuel tank material because of its relatively higher yield strength/tensile strength than other
materials. There are several factors that determine the thickness of LNG fuel tanks, among which the
minimum yield/tensile strength is an important factor. A553-1 has a weak point in that the thickness of
the tank becomes thicker due to weakened strength at the weld after welding [7]. When laser welding
is applied, the thickness of the tank can be reduced by increasing the strength of this part. The base
material used in this study is A553-1, and the chemical composition is shown in Table 2.

Table 2. The chemical composition of ASTM A553 Type 1 (9% nickel steel).

Component Percentage (wt.%)

Carbon, C 0.13 max
Manganese, Mn 0.90 max
Phosphorous, P 0.015 max

Silicon, Si 0.15–0.40
Sulfur, S 0.015 max

Nickel, Ni 8.5–9.5

Laser is the abbreviation of “Light Amplification by Stimulated Emission of Radiation” and refers
to the welding method applying the output of the laser beam. Laser welding has been studied for
application to various materials due to its low welding deformation, easy automation and its deep,
narrow heat-affected part [8–22]. The purpose of this study was to analyze the penetration characteristics
of A553-1, according to the welding speed and power among the laser-welding parameters, and to
improve the price competitiveness, by securing the weldability with good mechanical strength in
the future.

2. Experiments of ASTM 553-1 (9% Nickel Steel) Bead on Plate (BOP) by Laser Welding

2.1. Laser-Welding Equipment, Parameters of Experiment and Base Material

For the experiment, 5 kW fiber laser welder were used, and Figure 1 shows the laser-welding
oscillator, incidental material, optical system and jig used in the experiment.

 

Figure 1. Fiber laser welding equipment.
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The optical system used in this experiment has a spot diameter of 400 μm. The focus focal length
was 148.8 mm, and the depth of focus was 6 mm.

Functionally controllable parameters in laser welding are approximately four parameters (welding
speed, laser power, focus position and polarization), and most are optimized for the four conditions
and used according to the situation. In addition, the alignment condition (thickness, gap and mismatch)
of the welding material is also one of influences on the welding quality. The effect of each welding
variable on welding quality is as follows:

(1) Laser power: The laser power is the most important factor in defining the penetration depth limit,
and it is impossible to obtain a weld with a certain depth or more, even if the other conditions
are optimal.

(2) Welding speed: In addition to the laser output, the welding speed has a close relationship with
the welding heat input received by the welding position.

(3) Focus position (defocus): The focus position in the thickness direction is the point of impurity
which places the energy focusing point at a specific position in the thickness direction of the
material to be welded.

(4) Polarization (work angle and tilling angle): Optimization should be performed by adjusting the
working angle and tilting angle according to the shape of the welding seam. In addition, welding
must be performed at a constant angle, to protect the equipment according to the reflected light
or absorption rate of the material.

(5) Alignment (thickness, gap and mismatch): Depending on the thickness of the welding material,
the range of selection of the welding power is determined, since the welding power is related to
the penetration depth. In laser welding, gaps play an important role in weld quality (bead shape,
so it is important to select welding conditions according to gaps.

In this study, laser power and laser welding speed, which greatly affect the penetration, are
controlled, and the penetration shape is observed after BOP.

Experiments are conducted to analyze the effect of welding conditions on the formation of the
molten part and the shape of the bead through the BOP test. The penetration depth that can be seen
through this experiment provides data that can correspond to the thickness of the base metal. The data
on the width of the bead indicate the welding conditions that can be applied to open-gap welds.
In order to achieve the above goal, experiments are performed with 2 parameters (laser power and
welding speed) and collect data of bead geometry, penetration, micro image and effect of parameters.
Each experimental BOP condition for A553-1 using the laser welding process is shown in Table 3.

Table 3. Experimental conditions of laser Bead on Plate (BOP).

Welding Parameters Experimental Conditions

Laser power (kW) 3.0–5.0 (5 cases)
Welding speed (meter per minute, m/min) 0.3–3.0 (11 cases)

Defocus (mm) 0
Shielding gas N2, 15 L/min

Tilting angle, Working angle 0◦

In order to analyze the laser-welding characteristics of A553-1, reference data for general laser
welding are obtained through the welding experiments of the A36 (low carbon steel) which chemical
composition is shown in Table 4 with some of same welding conditions. In this study, the laser
weldability of carbon steel is not discussed in detail, but is used only as data to compare welding
characteristics of simple A553-1.
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Table 4. The chemical composition of A36 (low carbon steel).

Component Percentage (wt.%)

Carbon, C 0.29
Iron, Fe 98.0

Manganese, Mn 0.80–1.20
Phosphorous, P 0.045

Silicon, Si 0.15–0.40
Sulfur, S 0.050

Copper, Cu >0.20

2.2. Measurement of Bead Geometry

Macro cross-sectional inspection is a method to smoothly polish the surface of a welded part and
perform a chemical solution treatment, to examine the structure, pore, penetration, HAZ and the like.
Bead geometry measurements are made in all experiments and basically performed in BOP test, butt
and fillet welding.

In this study, in order to analyze the effect of welding variables on the shape of the molten part
shape, 9 measuring positions were selected, as shown in Figure 2.

Figure 2. Definition of measurement site on bead cross-section.

A description of the cross-sectional measurement positions of the melted zone and the heat-affected
zone is as follows:

(1) Top bead width: melted surface width of base material that can be observed with naked eyes.
(2) Top HAZ: the length of the HAZ of the base material surface (Top) observed through

the micro-section.
(3) Penetration: the vertical depth of melting zone from surface of base metal.
(4) HAZ Depth: the vertical depth of HAZ from surface of base metal.
(5) Bead Height: the vertical length of the portion protruding above the surface of the base material

after the melted portion is formed.
(6) Middle Width: the width of the melting zone at the midpoint of the penetration depth.
(7) Middle HAZ: the width of the HAZ at the midpoint of the penetration depth.
(8) Bottom Width: the width of the melting zone at the endpoint of the penetration depth.
(9) Bottom HAZ: the width of the HAZ at the endpoint of the penetration depth.
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In this study, the size of welding specimen is 150 mm × 300 mm × 15mm. The laser power
is stabilized at the center of the specimen; the sections from this location make it possible to show
the representative section, as shown Figure 3. For measuring back-bead geometry, middle parts of
horizontal axis of the experiment specimen were cut in 10 mm × 25 mm size, by a wire-cutting machine,
and polished.

 

Figure 3. Welding specimen and coupon for cross-section observation.

To make the experiment specimen’s bead geometry clearly visible, Nital (10% HNO3 and Ethanol)
solution were applied for the etching of the cross-section of specimens. Moreover, an optical microscope
system was used for accurate measurement of bead geometry and actually measured cross-sectional
bead geometries. Figure 4 shows the digital electronic microscope with 2 Mega pixels and photographed
at×60 magnification, associated with bead geometry measurement. The shape of the bead cross-section,
the penetration depth, bead width and height are measured by matching the 0.1 mm mesh of the
optical camera with the image.

 
(a) Optical microscope equipment 

.

(b) Bead geometry measurement 

Figure 4. Equipment and method for measuring for bead geometry; (a) Optical microscope equipment,
(b) Bead geometry measurement.
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3. Results and Discussions

3.1. Measurement of Bead Penetration Shape

In this study, laser-welding power was experimented with on five cases (3, 3.5, 4, 4.5 and 5 kW),
and laser-welding speed was experimented with 11 cases (0.3, 0.5, 0.8, 1.0, 1.2, 1.5, 1.8, 2.0, 2.2, 2.5 and
3.0 m/min) for A553-1. The total number of experiments was 55.

Figure 5 shows the results when the laser power was 3 kW and the welding speed was 0.5, 1.0, 1.5,
2.0 and 3.0 m/min, respectively.

     

Laser Power: 3 kW 
Speed: 3 m/min Speed: 2 m/min Speed: 1.5 

m/min 
Speed: 1 m/min Speed: 0.5 

m/min 

Figure 5. Bead geometry on BOP welding test (laser power: 3 kW).

Figure 6 shows the results when the laser power was 4 kW and the welding speed was 0.5, 1.0, 1.5,
2.0 and 3.0 m/min, respectively.

     

Laser Power: 4 kW 
Speed: 3 m/min Speed: 2 m/min Speed: 1.5 

m/min 
Speed: 1 m/min Speed: 0.5 

m/min 

Figure 6. Bead geometry on BOP welding test (laser power: 4 kW).

Figure 7 shows the results when the laser power was 4 kW and the welding speed was 0.5, 1.0, 1.5,
2.0 and 3.0 m/min, respectively.

     

Laser Power: 5 kW 
Speed: 3 m/min Speed: 2 m/min Speed: 1.5 

m/min 
Speed: 1 m/min Speed: 0.5 

m/min 

Figure 7. Bead geometry on BOP welding test (laser power: 5 kW).

In the case of the A553-1, which was the focus of this study, micro-cracks were observed in the
center line of the welded section with the welding conditions of 5 kW power and 0.5 m/min speed.
The internal porosity was confirmed, as shown on the left side of Figure 8. It is a pore that often
occurs because of excessive heat, incomplete penetration, gravity-laser angle, etc. [23]. On the contrary,
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as shown on the right side of Figure 8, unsafe infusion occurred with the welding speed of 2.5 m/min,
and the fine particles melted in an unstable molten state spatter.

 

Figure 8. Crack, porosity, spatter and under-fill of A553-1 after laser welding.

3.2. Effect of Laser Power

In laser welding, laser power is one of the important control variables. It has been reported that
the shape of the fused portion is controlled according to the laser power. In this study, its influence on
three bead shape was analyzed. The difference in the shape of the beads, according to the laser power,
is shown from Figures 9–11.

In the case of bead height, shown in Figure 9, the increase in bead height of A553-1 was not
uniform as the laser power increased. Generally, as the welding power increases, the surface beads
are under-filled, due to an increase in the amount of spatter generated. However, this result does not
necessarily indicate under-fill as the laser power increases. Moreover, when compared with A36, it is
confirmed that the height of bead is similar to that of laser power, despite the difference of physical
properties of the two metals. There is variation in some sections (3.5 kW), but it can be concluded that
the overall trend is almost consistent. It can be predicted that the laser power of both metals has no
influence on the height of the weld bead.

Figure 9. Height fluctuation of surface beads, according to laser power.

For A553-1 (the width of the surface bead shown in Figure 10), the width of the bead tends to
widen as the laser power increases in the range of 3.5 to 4.5 kW. However, it does not continuously
increase in proportion to the laser. In comparison with A36, on average, the bead width of A36 is
narrower than the bead width of A553-1. This can be inferred from the fact that the direction of diffusion
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of the welding heat source is rapidly diffused in the thickness direction of the base material, so that the
formation of the welded keyhole is very fast. The difference in the thermal conductivity coefficient
of the two materials can be evidence of the above reasoning. The difference in thermal conductivity
coefficient between the two materials is more than twice that of A36. Thermal conductivity coefficient
of A553-1 and A36 are 17.43 and 52.7 (W/(m2K)), respectively. When a heat source is supplied to
material of A36 with a relatively high thermal conductivity characteristic, heat is transferred in all
directions of the base material. It accelerates the continuous penetration of the heat source in the
thickness direction of the base material. However, 9% nickel steel (A553) has low thermal conductivity,
and as the energy source is concentrated on the surface, the width of the surface beads increases. In
conclusion, it is evident that laser power is not an important parameter for the width of the bead.

Figure 10. Width fluctuation of surface beads, according to laser power.

The most important penetration depth shown in Figure 11 is directly related to welding efficiency.
If it is possible to obtain deep penetration at low power, it is very advantageous in terms of
productivity. It is also important to determine what conditions need to be adjusted to ensure
sufficient penetration depth. As shown in Figure 11, the relationship between penetration depth
and laser power shows that the penetration depth linearly increases with increasing laser power. By
comparing the penetration-depth changes of the two materials, it can be confirmed that two materials
penetrations are formed at almost the same level. The penetration depth of the two materials is highly
dependent on the laser power, despite the difference in properties of the two materials.

Figure 11. Penetration fluctuation of surface beads, according to laser power.
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Figure 12 shows that penetration depth increases of A553-1 with increasing output at the same
welding speed (1.8 m/min) and same defocus (0, surface). This result shows that laser-power control is
required to control the penetration depth efficiently. Further, since the influence of the laser power on
the width and height of the surface beads is small, it can be a means for independently controlling the
penetration depth.

 

Figure 12. Variation of penetration depth, according to laser-power change by macro cross-sectional
shape analysis.

3.3. Effect of Laser Speed

It is found that the laser power at A553-1 and A36 welds is related only to the penetration depth
and does not affect the melt width and height.

However, as can be seen from Figures 13–15, as the welding speed increases, the bead height,
width and penetration depth are reduced. In particular, the change in welding speed shows only the
characteristics of A553-1.

Figure 13 clearly shows the difference in bead height between A36 and A553-1. As the welding
speed increases, A553-1 continues to decrease in bead height, resulting in under-fill. In the case of
A553-1, surface beads without under-fill are formed at a speed of 1.2 m/min or higher. On the other
hand, at the high speed of 1.5 to 3.0 m/min, it is confirmed that the under-fill appeared as an average
number of times. However, in the case of A36, under-fill does not occur, but the bead of uniform height
is formed even when the welding speed is changed. A36 also under-fill under certain conditions, but
on average, it proves the above. The occurrence of under-fill is described later. In this way, A553-1 can
confirm the formation of bead height, depending on the welding speed.

Figure 13. Height fluctuation of surface beads, according to welding speed.
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In the case of the width of the weld bead shown in Figure 14, A553-1 showed a tendency to
decrease as the height of the bead changes, with the change of the welding speed, but it is confirmed
that the A36 is kept constant despite the change of the welding speed. This is the laser-welding
characteristic ofA553-1, and it is a result of proving that the welding speed is one of the important
parameters for bead width control of A553-1.

Figure 14. Width fluctuation of surface beads, according to welding speed.

For the depth of penetration shown in Figure 15, both A553-1and A36 have the same results.
As the welding speed increases, it is similar that the penetration depth decreases in both materials, but
on average, it is confirmed that the penetration depth of A36 is formed deeper under the same welding
conditions. These results show that the welding speed is controlled to control the penetration depth
in general A36 welding. However, in the case of A553-1, it is possible to control both the welding
depth and the width and height of the surface bead. This is evidence that welding speed has a large
impact on heat input in A553-1 laser welding. This is because the size of the melted portion decreases
proportionally as the amount of heat input decreases.

Figure 15. Penetration fluctuation of surface beads, according to welding speed.

The under-fill is reported to be caused by the synergy of the physical phenomenon of the molten
part [24]. This is due to the complexities of the melt, such as volumetric shrinkage, surface tension,
gravity, vapor pressure and phase transformation [25]. In this study, the cause of under-fill is explained
by the phenomenon of the flow path of the exposure plasma vapor generated in the molten part.
Although the steam generated by vaporization or organic plasma must be discharged to the outside
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through the occurrence of the keyhole of the welded portion, the discharge channel is clogged by the
fast welding speed. Consequently, the molten pool explosion (spatter) is generated, and the surface
depression cannot be filled again. To prevent weld under-fill, welding must ultimately be performed
at a speed equal to or less than the constant speed. Figure 16 illustrates the under-fill phenomenon
occurring in the high-speed section, when the welding power is constant at 3.5 kW and only the speed
changes. Figure 17 is a graph that identifies the boundary of the under-fill zone, depending on the
welding speed. It can be observed from this graph that the under-fill phenomenon occurs at a constant
speed in all laser-power sections.

Figure 16. Under-fill phenomenon of A553-1 weld in high-speed section.

Figure 17. Under-fill section, according to welding speed.

4. Conclusions

In this study, the penetration shape of 9% nickel steel was confirmed by welding power and
welding speed, which are the main laser-welding factors. The results of this study can be summarized
as follows:

(1) The increase in bead height and bead width of 9% nickel steel was not uniform as the laser power
increased. However, the penetration depth of the two materials was highly dependent on the
laser power, despite the difference in properties of the two materials. In the case of A553-1, when
the welding power increased from 3 to 5 kW, the average penetration depth increased from 4.3 to
5.7 mm, according to Figure 11.
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(2) In the case of laser welding of A553-1, as the welding speed increased, the bead height, width
and penetration depth were reduced. To prevent weld under-fill, welding must ultimately be
performed at a speed equal to or less than the constant speed. It was confirmed that the occurrence
of under-fill was dependent on the welding speed, and the result are observed in a specific range
(over 1.5 m/min), according to Figure 17.

(3) Based on the contents of laser-welding penetration of the A553-1 material obtained in this study,
optimized conditions of laser welding will be studied. Moreover, we will verify weld zone by the
mechanical test of yield, tensile and impact, under cryogenic conditions, in PART II of this study.
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Abstract: The characteristics of weld bead formation and droplet transfer in pulsed gas metal arc
weld (GMAW) with different arc lengths were studied by changing the base current time in this
work. The results showed that it was easier to cause short circuits and spatters with a short arc.
However, the deviation between the deepest point of penetration and the center of bead will be
aggravated with the increase of arc length. In addition, more than 90% “one drop per pulse” (ODPP)
transfer mode can be obtained when the pulse parameters were selected properly. However, the short
arc trended to rise the proportion of “multiple drops per pulse” (MDPP), and the long arc trended
towards increasing the proportion of “one drop per multiple pulses” (ODMP). Additionally, with
the growth of the arc in the projected transfer zone, the penetration tended to become shallower
because of the increase of arc heat dissipation, the fall of arc energy density, and droplet impact force.
Overall, the strategy of choosing suitable arc length of pulsed GMAW was summarized: in order
to obtain high-quality bead formation and weld joints, a shorter arc in the projected transfer zone
was recommended.

Keywords: pulsed GMAW; droplet transfer; weld bead formation; droplet impact force

1. Introduction

Arc welding technology is one of the most widely used welding methods in industrial production at
present, having the advantages of energy concentration, high efficiency, easy realization of automation
and wide range of material applicability [1,2]. It has already been successfully applied in the joining
of steels [3], aluminum alloys [4], nickel alloys [5], copper alloys [6], high entropy alloys [7], and so
on. Additionally, industrial automation is an important direction for the future development of the
manufacturing industry [8,9]. To meet the demands of productivity, pulsed gas metal arc weld (GMAW)
is a good choice in industrial automation and robot welding for the advantages of controllable heat
input, all position welding and no spatter [10–12]. In addition, the droplet transfer process, a research
hotspot around the world, plays a crucial role in the welding quality. In pulsed GMAW, “one droplet
per pulse” (ODPP) has been recognized as the most ideal transfer mode by many researchers [13–15].

The pulse peak current (Ip) and pulse peak current time (tp) are generally regarded as the main
parameters that affect ODPP mode. Moreover, the power law relationship (In

ptp = constant) is applied
in lots of studies to determinate the peak current and time [16–18]. Additionally, Wu [15] put forward
a six-parameter pulse waveform and obtained a mode of ODPP with lower heat input, proving the
important influence of the droplet-detachment current and time on the droplet transfer. In addition,
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the base current is usually very small, and only plays the role of a stabilizing arc. As a result, a projected
or spray type metal transfer at low average current can be obtained in pulsed GMAW.

Additionally, under the condition of short arc and low current, short circuiting transfer is also
applied using constant voltage direct-current (DC) welding power source. However, the spatters are
inevitable in short circuiting transfer, because of the electric explosion of the liquid bridge before the
arcing period [19,20]. Compared with short circuiting transfer, the arc length could be easily adjusted,
and no spatter welding seam could be obtained using pulsed current, leading to the advantages that
the step of removing spatter on the base metal can be avoided and the manufacturing efficiency can
be increased.

However, the base current time (or datum current time) has not been regarded as an influential
parameter for ODPP in previous studies, but rather a parameter for adjusting the arc length. As a
matter of fact, the arc length directly affects the shape of the arc, as well as the heat transfer and heat
dissipation mode of the droplets [21–23]. For example, a certain arc space is required for a droplet
from growth to detaching the wire. If the arc length is too short to provide sufficient space, the droplet
would contact the molten pool but still on the wire, contributing to a short circuit [24]. However, most
of the current research focuses on how to stabilize the arc length, while the study of how to choose the
suitable arc length and the effect of different arc length on droplet transfer is ignored.

Therefore, in this work, different arc lengths were obtained by only changing the base time and
fixing the other parameters. Then, the weld bead formation and the process of droplet transfer under
different arc lengths were investigated. Eventually, the strategy of choosing suitable arc length of
pulsed GMAW was found. The research results are helpful for optimizing the welding parameters,
improving the quality of weld formation, and promoting the further application of pulsed GMAW in
industrial automation production and robot welding field.

2. Welding and High-Speed Camera System

In this work, the electrode wire was connected to the positive pole of the welding power, while
the workpiece was connected to the negative pole. For the convenience of the camera to shoot the arc
and droplets, the welding torch was placed stationary over the workpiece, which can be moved by the
motion platform at a constant speed.

Additionally, because the temperatures and rates of metal transfer are extremely high,
the non-contact high-speed camera method has been widely used in droplet transfer. Figure 1
displays the schematic diagram of the welding and high-speed camera system, which can acquire
synchronous voltage, current and image signal. The arc voltage was measured between contact tube
and workpiece. The high-speed camera system was used at 10,000 fps and the sampling rate of the data
acquisition card was 30 kHz. To lower the interference of bright arc, a laser light, whose wavelength is
850 nm, was used as a backlight. Other wavelengths of arc were weakened by a narrow-band filter
centered at 850 nm between the arc and the camera. The laser light, arc, narrow-band filter and camera
were all placed on the same horizontal line. As a result, the brightness of the arc was filtered to an
appropriate range and the droplets can be clearly seen on the computer screen.
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Figure 1. Schematic diagram of the welding and high-speed camera system.

3. Experimental Procedure

The bead formation and droplet transfer are more affected by waveform parameters [25,26].
Q235, a typical mild steel, was selected by researchers to study the formation, arc behavior and droplet
transfer, like Wu [15], Ghosh [27,28], and so on. In our work, 4-mm-thick mild steel (Q235) sheets were
used as workpieces, whose dimensions were 150 mm × 50 mm. Thus, mild steel wire (ER50-6) with a
diameter of 1.2 mm was used as the electrode wire and the CTWD (contact tube-to-work distance) was
selected as 20 mm. As shielding gas, 82% Ar + 18% CO2 mixture gas with a flow rate of 15 L/min was
selected. The speed of the wire feed and the speed of welding were 3 m/min and 3 mm/s, respectively.
With the purpose of stable ODPP transfer, pulse current waveform showed in Figure 2 was selected
according to Ref. [15]. In Figure 2, t0, t1 and t2 are the start point of the pulse peak current period,
the droplet-detachment current period and the base current, respectively. Over 90% droplets are ODPP
transfer at middle arc length (about 5 mm) in terms of corresponding high-speed photographs. Typical
high-speed photographs of ODPP transfer mode are displayed in Figure 3.

 

t

tt t

t

I

Figure 2. Main parameters of pulse current waveform.
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Figure 3. Typical high-speed photographs of “one droplet per pulse” (ODPP) transfer mode.

In the high-speed camera system, in order to observe the droplet process more clearly,
a narrow-band filter was used to weaken the brightness of the arc. As a result, when the current
was below 300 A, the arc was almost filtered out, and was difficult to observe (see Figure 3).
However, the morphology of the arc can be seen clearly with the high current and arc brightness,
such as in photographs near t1. Additionally, the anode spot of arc is always over the droplet when
the current is above a critical current level, so the arc length is not affected by the droplet near t1.
Therefore, for the purpose of more accurate measurement, the arc length near t1 was selected to be
measured in this pulse period. Then, the average arc length of a random 30 pulses is calculated as the
arc length with these welding parameters.

Based on the pulse current waveform in Figure 2, the arc length was adjusted from less than
2 mm to more than 10 mm by only changing the base current time, without altering other parameters.
Then, welding tests were performed on the piecework with different arc length. The parameters table
of the pulse waveform and the experiment are presented in Table 1.

Table 1. The parameters table of pulse waveform and experiment.

Test
Base Current
Time tb/ms

Pulse Cycle
Time T/ms

Pulse
Frequency

f /Hz

Average
Current Ia/A

Average Arc
Length
La/mm

Standard
Deviation of Arc
Length σa/mm

1 12.3 15.6 64 79 1.5 0.37
2 11.5 14.8 68 82 2.3 0.49
3 11.1 14.4 69 84 3.1 0.22
4 10.3 13.6 74 88 5.0 0.29
5 9.1 12.4 81 94 7.9 0.21
6 7.9 11.2 89 103 10.4 0.62

4. Effects of Arc Length on Welding Formation

During the welding process in Tests 1 and 2, spatters and popping noises occurred from time to
time. However, if the arc length were a little longer than that in Test 2, such as in Test 3, those spatters
and popping noises would disappear. By comparing the high-speed photographs, it was found
that the arc lengths were longer in Tests 3–6, and droplets were all in the projected transfer mode
presented in Figure 3, meaning that droplets went into the molten pool after detaching from the
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wire. However, the arc lengths were shorter in Tests 1 and 2. Not all droplets were in the projected
transfer mode, and some short circuits were found. Therefore, in terms of the modes of droplet transfer,
the tests in this experiment can be divided into “the partial projected transfer zone” (Tests 1 and 2) and
“the projected transfer zone” (Tests 3–6).

4.1. The Partial Projected Transfer Zone

The welding formation of Tests 1 and 2 in the partial projected transfer zone are displayed in
Figure 4. It can be seen that the surface formation of the weld bead in Test 2 was better than that in Test 1.
The edge of bead was crooked, and there are lots of big spatters around the bead in Test 1. In contrast,
the edge of the bead was relatively straight, and there were few big spatters in Test 2. The centerline of
penetration was useful to measure, but a larger difference can be noted looking at the area of the fusion
zone. Although the highlighted profile looks similar in terms of cross section formation, the weld
penetration of Test 2 was only 0.1 mm deeper than that of Test 1. Moreover, from the perspective of the
brown welding fumes covering the surface of the workpiece, the fumes were obviously fewer and
mainly distributed within 1 cm around the weld bead in Test 2, in which the bright steel plate far away
from the weld bead was clearly visible. However, the surface of the workpiece was almost covered by
fumes, and the regions of bright steel plate were nearly invisible in Test 1.

Test Surface Formation Cross Section Formation 

1 

  

2 

  

Figure 4. The formation of the weld bead in the partial projected transfer zone.

According to the high-speed photographs of Tests 1 and 2, except for projected transfer, two types
of short circuit [24] were observed: normal short circuit (see Figure 5) and instantaneous short circuit
(see Figure 6). It is necessary to point out that the short circuit phenomenon in pulsed GMAW is
different from that in short circuiting transfer using a constant direct-current (DC) power source.
According to Ref. [29], these short circuits in pulsed GMAW, as in Figures 5b and 6b, are also called
meso-spray transfer. During meso-spray transfer, the position of necking is between the undetached
droplet and solid wire, followed by short circuits. However, during short circuiting transfer using
constant DC power source, the position of necking is at the liquid bridge, which is formed after
short circuits.

During the normal short circuit (Figure 5), the neck between the undetached droplet and the
wire gradually shrank, and the undetached droplet contacted the molten pool at the time P1, with a
dramatic fall of voltage. Then, from the next three frames of P1 (3.1–3.3 ms), it can be seen that the
bright arc was extinguished because of the short circuit and the minimum position of short circuiting
liquid bridge was broken by explosion. A few spatters flied out of the explosive position, with an
unstable arc and an abnormal voltage peak.
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Figure 5. The normal short circuit: (a) The welding current and voltage waveform; (b) the high-speed
photographs of interval AB.

When the arc was reignited, an unstable arc and an abnormal voltage peak were found. This is
because at the time of arc reignition after short circuiting, cathode spots were reformed in the center of
the weld pool surface. During the process of reforming the arc and cathode spots, the concentration of
the cathode spots and the increase of the cathode surface work function led to a rise in the potential
gradient across the cathode fall space and the adjoining contraction space. Consequently, the arc
voltage became abnormally high despite the short arc length, which can be regarded as a signal of arc
reignition after short circuiting [24,30].

A similar phenomenon is also shown in Figure 6. Even though the duration of the short circuit
was too short to be captured by the 10,000 fps high-speed camera, the arc behavior and the abnormal
voltage peak can indicate an instantaneous short circuit at the time Q1 in Figure 6. During the process
of instantaneous short circuit, the undetached droplet contacted the molten pool and was bounced off
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instantaneously at the time Q1. The high current near the pulse peak current leaded to huge impact
force of explosion, which contributed to the split of droplet and various big spatters.

 
(a) 

I

t

U
 

 
(b) 

Figure 6. The instantaneous short circuit: (a) The welding current and voltage waveform;
(b) the high-speed photographs of interval CD.

To research the cumulative effects of micro droplet transfer on macroscopic weld bead formation,
the percentages of various types of droplet transfer were calculated based on each 200 pulses of
Tests 1 and 2 (shown in Figure 7). Even through the average arc length in Test 1 (1.5 mm) was only
0.8 mm shorter than that in Test 2 (2.3 mm), their percentages of various types of droplet transfer
were totally different. From Test 1 to Test 2, the percentage of projected transfer rise sharply from less
than 10% to almost 90%. However, the proportion of the normal short circuits and the instantaneous
short circuits fall from 61% and 30% to 9.5% and 2.5%, respectively. Moreover, based on the analysis
of Figures 5 and 6, above, a few small spatters resulted from the normal short circuits, while a large
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number of spatters (especially the big spatters) resulted from the instantaneous short circuits. The longer
arc allowed the droplets more time to gain enough energy to fully liquefy, so that they could impact the
molten pool without short circuiting and causing explosions. Therefore, spatters declined obviously
when the arc length grew a little from Test 1 to Test 2.

  
Figure 7. The percentages of various types of droplet transfer in the partial projected transfer zone:
(a) Test 1; (b) Test 2.

4.2. The Projected Transfer Zone

If the arc length were long enough, the droplets would have enough space to drop into the molten
pool after detaching from the wire. As a result, short circuits would disappear, and all the droplets
would come into the projected transfer zone. The welding formations of Tests 3–6 in the projected
transfer zone are displayed in Figure 8. As the arc length increased, the surface formation gradually
deteriorated. The specific performances are as follows: the surfaces of Tests 3 and 4 were relatively
straight and beautiful. The bead of Test 5 was generally smooth, but the edges of the bead were
slightly crooked, with about a 1 mm offset. The surface formation of Test 6 is pretty poor. It can be
clearly seen in Test 6 that the bead was uneven, and the edges were severely twisted, being visibly
asymmetrical. Dozens of droplets dropped directly outside the molten pool and became large spatters
near the bead. In addition, from the perspective of the brown welding fumes covered on the surface of
the workpiece, the fumes were almost parallel to the bead on both sides. As the arc grew, there were
more and wider fumes.

The relationship of arc length and parameters of cross section formation in the projected transfer
zone is shown in Figure 9. With the increase in arc length, the penetration depth and weld reinforcement
declined marginally, whereas the weld width rose a little. The greater spread of the plasma arc can
cause the energy to be dispersed over a larger area. Figure 10 is the gray-scale image (256 levels) of
long and short arc morphology captured at the same peak current time. The average gray levels of
arc near molten pool (box region) in Figure 10a,b were 254.82 and 223.25, respectively. As we know,
the higher the gray level is, the higher the arc brightness is, and the higher the current density is.
Therefore, the current density of shorter arc near molten pool in Figure 10a was higher than that of
the longer arc in Figure 10b. It can be also seen in Figure 10 that the arc width will increase with the
increase of arc length, and the arc will be more dispersed, contributing to the expansion of heat source
radius and heat dissipation of arc. As a result, the penetration depth declined and weld width rise.
Additionally, because the speed of wire feed and welding are constant, weld reinforcement declined
with the wider weld width.
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Test Surface Formation Cross Section Formation 
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Figure 8. The formation of weld bead in the projected transfer zone.

  L

Figure 9. The relationship of arc length and parameters of cross section formation in the projected
transfer zone.
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(a) 

 
(b) 

Figure 10. The gray-scale images of short and long arc morphology captured at the same peak current
time: (a) Test 3; (b) Test 6.

Moreover, in Figure 8, the offset between the deepest point of penetration and the center of weld
bead (penetration offset for short) significantly increased with the growth of arc length. The wire was
not completely straight when fed out from the contact tube, because it was bent into a disc shape before
welding for convenience of transportation and storage. Additionally, during real welding operation,
wire inevitably inclines to a certain extent, which is not completely perpendicular to the plane of the
workpiece. The end of the wire might be perpendicular to the workpiece, but the inclination of wire
would increase with the growth of arc length. In addition, the droplets tend to move along the axis of
welding wire in the projected transfer [23]. Therefore, the direction of droplet movement cannot be
completely perpendicular to the plane of the workpiece. The rise of arc length increased the distance
between wire tip and molten pool. Under the same transverse velocity, droplets could deviate from
the center of the weld bead more greatly with the longer arc. Since the heat and mass carried by the
droplets deviated from the center were transferred to the molten pool on one side, and the increasing
magnetic fields generated by the plasma column likely caused rotation, contributing to an asymmetric
driving force within the molten pool, the symmetry of penetration was broken, eventually leading to
penetration offset. A similar phenomenon was also observed in Ref. [31]. A more serious deviation
of the droplets and a greater penetration offset would be obtained with a longer arc length. Overall,
a phenomenon was observed whereby the penetration offset in pulsed GMAW became more sensitive
with the increase of arc length.

5. Effects of Arc Length on Droplet Transfer

There are three types of projected transfer in pulse GMAW: “multiple drops per pulse” (MDPP),
“one drop per pulse” (ODPP), and “one drop per multiple pulses” (ODMP). ODPP was recognized as
the most ideal transfer mode, and was mainly affected by the pulse peak current (Ip) and time (tp),
but not base time (tb), by many researchers [13–15]. In addition, tb was believed to be a parameter for
adjusting the arc length. However, in this work, when Ip and tp were fixed, it was found that the arc
length had crucial effects on droplet transfer as well as the droplet impact force by only changing tb.

5.1. The Effects of Arc Length on the Types of Projected Transfer

By observing the high-speed photographs of different tests in Figure 11, even if the parameters of
the current waveform remained unchanged, the droplets did not belong 100% to ODPP. The mixture of
MDPP and ODPP was displayed in Test 3 and Test 4, but no ODMP was found. In Test 5 and Test 6,
the mixture of ODPP and ODMP replaced the mixture of MDPP and ODPP, and MDPP was no longer
to be seen. Additionally, most of the droplets were in the form of one big droplet and one small droplet
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in the MDPP, as shown in Figure 11a,b. The diameter of the big droplet in the MDPP was similar to the
droplet in the ODPP, but those droplets were smaller than that in the ODMP.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. The typical droplet morphology of different types of projected transfer: (a) Test 3; (b) Test 4;
(c) Test 5; (d) Test 6.

The three types of projected transfer were calculated based on 200 pulses in each test, and the
statistical data is shown in Figure 12. The Y-axis ϕ in Figure 12 is the percentage of the pulses’ number,
rather than the percentage of the droplets’ number. It can be found that ODPP was the main mode
for each test. The proportion of ODPP of Test 4 was the highest in these tests, and was over 95%.
However, ODPP occupied the least in Test 6 (less than 70%). The arc length grew gradually from Test 3
to Test 6. In terms of whole tendency, the short arc trended to rise the proportion of MDPP, but the
long arc trended to rise the proportion of ODMP. According to the Static Force Balance Theory [32],
the detaching force is the sum of the electromagnetic force (Fem), the gravitational force (Fg), and the
plasma drag force (Fd), while the retaining force (Fγ) is the surface tension. As described in Section 4.2,
the arc would be more dispersed with the growth of length, contributing to the expansion of heat source
radius and heat dissipation. Thus, when the peak energy of a single pulse current was fixed, the smaller
detaching force was obtained by a single droplet with the long arc. Consequently, more pulses were
needed to increase the detaching force and help the droplet to detach from wire. Because the droplet
size was bigger and the gravitational force grew, which contributes to ODMP process and vice versa.
However, due to the suitable arc length in Test 4, the appropriate detaching arc force was matched
with the ODPP condition and the highest proportion of ODPP was observed.
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Figure 12. The statistical data of the three types of projected transfer.

5.2. The Effects of Arc Length on the Droplet Impact Force

The droplet impact force is the cumulative effect of droplets. If the types of droplet transfer were
changed, the droplet impact force would be different as well [33]. According to Ref. [34], the droplet
was considered approximately to be a sphere and the droplet impact force (Pd) was regarded as a force
per unit area or pressure, which was relative to the droplet mass (md), velocity (vd), frequency (f d) and
diameter (dd), as displayed in Equation (1).

Pd =
4mdvd fd
πd2

d

. (1)

According to the mass formula of the sphere, the md can be calculated by Equation (2).

md =
ρπd3

d

6
. (2)

Therefore, Equation (1) can be further written as Equation (3) (density ρ = 7.8 g/cm3).

Pd =
2ρvd fddd

3
. (3)

However, Equation (3) is only applicable to the single-mode droplet transfer. For the mixture of
different types of projected transfer, the droplet impact force should be the sum of each droplet impact
force in MDPP, ODPP and ODMP (Equation (4)).

Pd = Pd,MDPP + Pd,ODPP + Pd,ODMP. (4)

The droplet frequency of MDPP, ODPP and ODMP are noted as fMDPP, fODPP and fODMP,
while the percentage of the pulses’ number are noted as ϕMDPP, ϕODPP and ϕODMP respectively.
Therefore, the droplet frequency of ODPP equals the percentage of the pulses’ number (ϕ) times the
frequency of pulse current wave (f ) (Equation (5)).

fODPP = ϕODPP f . (5)

In addition, the frequency of the big droplet and the small droplet in MDPP (see Figure 11)
are equal to the frequency of current pulses (Equation (6)). Multiple sized droplets can be found in
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the MDPP process, but the biggest droplet was much larger than the others (see Figure 11). Thus,
the droplet impact force was approximately regarded as that of the biggest droplets in MDPP process.

fMDPP = ϕMDPP f . (6)

In the ODMP process, a droplet may detach from the wire after severe pulses. After observation
and calculation from the high-speed photographs, the average pulses for every MDPP are 2.2 and 2.3
in Test 5 and Test 6, respectively. Thus, the droplet frequency in Test 5 and Test 6 can be calculated by
Equations (7) and (8).

fODMP = ϕODMP f /2.2. (7)

fODMP = ϕODMP f /2.3. (8)

Moreover, the percentage of the pulses’ number (ϕ) and the frequency of pulse current wave (f )
can be read from Figure 12 and Table 1, respectively. The image-processing method in Ref. [35] was
used to estimate the droplet velocity (vd) and diameter (dd). By using Equations (1)–(8) simultaneously,
the average droplet impact force of each test was obtained in Figure 13. It can be seen that the droplet
impact force of Test 3 was the highest, while the droplet impact force of Test 6 is the lowest. The former
was about 50% larger than the latter, indicating that the arc length has an important influence on the
droplet impact force. The droplet impact force declined with the growth of the arc length. In addition,
the main part of the droplet impact force was contributed from ODPP.

 

P

 L

Figure 13. The average droplet impact force of projected transfer.

6. Discussion

The characteristics of weld bead formation and droplet transfer in pulsed GMAW with different arc
lengths (about 1–11 mm) by changing the base current time were studied in this work. Because enough
arc space was needed when a droplet detached from the wire and dropped into the molten pool,
the mixture of projected transfer and short circuits would be obtained if the arc length were shorter than
3 mm. However, spatters would inevitably be produced from short circuits, especially instantaneous
short circuits (Section 4.1). To reduce the spatters and improve the weld bead formation, the shortest
arc is recommended to be limited to avoid the partial projected transfer zone.

Additionally, in the projected transfer zone, the quality of weld bead surface formation became
worse gradually with the increase of the arc length. When the arc length was over 10 mm, dozens of
droplets directly dropped outside the molten pool and became large spatters near the bead (Section 4.2).
In addition, the penetration offset in pulsed GMAW will become more sensitive with the increase of
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arc length. The penetration offset was less than 0.5 mm when the arc length was no more than 5 mm.
However, when the arc length exceeded 10 mm, the penetration offset can reach 3 mm, which is not
conducive to the positioning and alignment of the bead.

On one hand, Figure 10 in Section 4.2 indicates that the increase of arc length contributes to the
fall of energy density and increase of heat dissipation of arc. On the other hand, Figure 13 in Section 5.2
implies that the droplet impact force declined with the growth of the arc length. According to Ref. [34],
large droplet impact force can promote the increase of weld penetration. Therefore, because of the
above three factors (the increase of arc heat dissipation, the fall of arc energy density and droplet
impact force), the penetration tended to become shallower.

As a result, it is suggested that the arc length should be limited to a shorter range (less than
5 mm) in the projected transfer zone. So that the welding formation can be improved, the penetration
offset can be reduced and the larger penetration can be obtained. Additionally, Table 1 shows that the
average current of shorter arc was smaller, which can reduce heat input and save electric energy when
compared with the longer arc.

In our preliminary experiment, the tensile properties of welded joints were also affected under
difference arc lengths. According to AWS: B4 specifications [36], the tensile test specimens were
prepared from the butt joints in the perpendicular direction to the welded seam. Figure 14 shows the
average tensile strengths and elongations of the welded joints with different arc lengths in the projected
transfer zone. It can be seen that the tensile strengths were approximately constant. However, with the
growth of arc length, the elongations fell gradually. This implied that the short arc is also beneficial for
obtaining weld joints with high elongations.

Figure 14. The tensile strengths and elongations of the welded joints with different arc lengths in the
projected transfer zone.

In addition to the above discussion, the power law relationship (In
ptp = constant) has been used

in many studies to determine the peak current and time of ODPP transfer mode [16–18], ignoring
the influence of the base current time. However, in this work, it was found that the types of droplet
transfer in pulsed GMAW changed a lot by only adjusting the base current time, even though the
peak current and time were constant. More than 90% (but not 100%) ODPP transfer mode can be
obtained when the pulse parameters were selected properly. The arc length can be adjusted by the
base current time. The short arc trended to rise the proportion of MDPP, and the long arc trended to
rise the proportion of ODMP.
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7. Conclusions

(1) The arc length plays a crucial role in the quality of weld bead formation. In this work, the partial
projected transfer zone can be obtained in pulsed GMAW when the arc length was shorter than 3 mm,
resulting in the increasement of instantaneous short circuits and inevitable spatters. However, when
arc length became longer than 5 mm in the projected transfer zone, the asymmetry and offset of
penetration can be enlarged a lot.

(2) For the purpose of obtaining high-quality weld bead formation and weld joints, a shorter arc in
the projected transfer zone was recommended. However, the partial projected transfer zone should be
avoided when the arc length was short, in order to reduce unnecessary spatters. For example, for the
ER50-6 wire with diameter of 1.2 mm used in this work, the appropriate arc length was about 3–5 mm.
The base current time should be adjusted according to the appropriate arc length range.

(3) Peak current and peak current time are not were parameters that determine ODPP transfer
mode in pulsed GMAW, which was also affected by the arc length. More than 90% (but not 100%)
ODPP transfer mode can be obtained when the pulse parameters were selected properly. The short arc
trended to rise the proportion of MDPP, and the long arc trended to rise the proportion of ODMP.

(4) The droplet impact force with different arc lengths in the projected transfer zone was calculated.
The droplet impact force declined with the growth of the arc length. The increase of arc heat dissipation,
the fall of arc energy density, and droplet impact force contributed to the result in that the penetration
tended to become shallower in the projected transfer zone.
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Abstract: The influence of heat and droplet transfer into weld pool dynamic behavior and weld
metal microstructure in double-pulsed gas metal arc welding (DP-GMAW) was investigated by
the self-designed high-speed welding photography system. The heat input, the arc pressure,
the droplet momentum and impingement pressure were measured and calculated. It was found
that the arc pressure is far less than the droplet impingement pressure. The heat input and droplet
impingement pressure per unit time acting on weld pool were proportional to the current pulse
frequency, which fluctuated with thermal pulse. The size and oscillation amplitude of the weld
pool had noticeable periodic changes synchronized with the process of heat input and droplet
impingement. Compared to the microstructure of pulsed gas metal arc welding (P-GMAW) weld
metal, that of DP-GMAW weld metal was significantly refined. High oscillation amplitude assisted
the enhancement of weld pool convection, which leads to more constitutional supercooling. The heat
input and shear force during the peak of thermal pulse causing dendrite fragmentation which
provided sufficient crystal nucleus for the growth of equiaxed grains and the possibility of grain
refinement. The effects of current parameters on welding behavior and weld metal grain size are
investigated for further understanding of DP-GMAW.

Keywords: double-pulsed gas metal arc welding (DP-GMAW); droplet impingement pressure; weld
pool oscillation; grain refinement; constitutional supercooling

1. Introduction

As a widely used spatter-free welding technology, pulsed gas metal arc welding (P-GMAW) can
achieve directional transition of spatter-free droplets with low heat input through current pulse [1].
However, current pulses with the constant frequency of P-GMAW could not effectively stir the weld
pool with the heat-sensitive and high viscosity liquid metal such as stainless steel and aluminum alloys,
which often results in the formation of structure defects such as coarse grains, pores and cracks [2].
To solve this problem, many arc-based welding techniques have been developed for advanced materials
joining [3,4]. DP-GMAW was developed based on P-GMAW to assisting weld pool oscillation [5].
By periodically changing the output current, double-pulsed gas metal arc welding (DP-GMAW) leads
to the periodic change of current pulse frequency. Through the whole process, not only the stable
transfer mode of “one drop per pulse” can be obtained [6], but also the frequency oscillation and
stirring effect of weld pool can be obviously improved [7]. Therefore, to some extent, DP-GMAW
can refine the grains [2], reduce the cracking sensitivity [8,9] and porosity of welds [3,4] and improve
the weld formation and joint performance.
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Figure 1 shows the waveform of DP-GMAW, and the double pulse period consists of a peak
thermal period and a base thermal period. The heat and mass transfer process of the heat pulse is
determined by the waveform parameters of double-pulse current such as pulse frequency, current
difference and duty ratio of two phases. To study the evolution rules of DP-GMAW weld formation
and microstructure, various methods were carried out. Yao and Zhou et al. systematically investigated
the influence of current waveform parameters of DP-GMAW on the weld waviness of austenitic
stainless steel [10]. They discussed the regularity of DP-GMAW weld formation by using gray theory
analysis [11] and further optimized the welding parameters of austenitic stainless steel [12]. Compared
with P-GMAW, DP-GMAW has a wider adjustment range, broader root gap configuration and stronger
solute agitation with the same heat input rate. Wang et al., suggested that increasing the frequency
of thermal pulse of DP-GMAW could reduce dendrite size [13]. Wang studied the influence of
the current amplitude of thermal pulse on the geometry, cooling rate, solidification parameters of
the aluminum alloy weld pool and weld metal grain size from both experimental and numerical
simulation aspects. It was proved that DP-GMAW could increase the cooling rate of the weld pool
with the same heat input [14]. In the investigation on welding procedure of ferritic stainless steel
and austenitic stainless steel, Shen [8] and Devakumaran [9] both confirmed that DP-GMAW could
effectively inhibit the growth of HAZ (Heat Affected Zone) grains and promote the transformation of
columnar grains to equiaxed grains in the weld zone. Anhua Liu et al. analyzed the dynamic process of
weld pool shape of the aluminum alloy with the aid of high-speed camera [15]. The results showed that
the size of weld pool changed synchronously with the frequency the thermal pulse, and the addition
of thermal pulse obviously changed the behaviors of weld pool. As the frequency of thermal pulse
increased, the grain size of weld metal decreased, and the eutectic Mg2Si precipitates in the weld zone
were evenly distributed.

 

Figure 1. Schematic diagram of current waveform of double-pulsed gas metal arc welding (DP-GMAW).

It should be pointed out that the heat and mass transfer process during welding determines
the dynamic behavior of the weld pool. Besides, the solidification behavior of weld pool is greatly
controlled by the dynamic behavior of weld pool and welding heat input process. So far, studies
on the effect of DP-GMAW on grain refinement of the weld mainly concentrated on the optimizing
welding procedure. However, little research was conducted on the dynamic characteristics of weld
pool in DP-GMAW, and the relationship between the dynamic behavior of weld pool and welding
metal microstructure can hardly be established. Therefore, extensive research work needs to be carried
out to analyze the influence of waveform parameters of DP-GMAW on the dynamic behavior of weld
pool and its relationship with welding metal microstructure.

In this paper, with the help of a laboratory-made high-speed welding photography system,
the influence of waveform parameters of DP-GMAW on weld pool oscillation behavior of austenitic
stainless steel was studied. The purpose of this study is to explore the internal relationship between
weld pool oscillation behavior and welding metal microstructure and explain the action mechanism of
grain refinement.
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2. Materials and Methods

2.1. Experiment System

The experimental system used in this study consisted of a welding system, high-speed
photographic system and an image processing system, as shown in Figure 2. An 850 nm laser source
and some 850 nm near-infrared filters equipped on camera were used in a high-speed photographic
system to eliminate the light of strong arc. A high-speed camera was located in different positions to
obtain weld pool images with various visual angles. The side-view of the weld pool during welding
was recorded in position 1, as shown at the position of high-speed camera 1 in Figure 2. The top-view
of the weld pool was recorded in position 2, as shown at the position of highspeed camera 2 in Figure 2.
Otto Arc MIG-500DP (OTTO Arc, Shanghai, China) was selected as a welding power source. Welding
position was PA (Flat position, as per ISO 6947). The frequency of an electric signal acquisition system
was 5 × 105 Hz.

 
Figure 2. Experiment system and image processing steps: (a) original image; (b) binarization and
median filtering; (c) image contour coordinates.

An image processing system based on LabView (LabVIEW 2017, National Instruments, Austin,
TX, USA) was developed to capture the outline of droplet and pool surface from the side-view picture.
The image processing flow is shown in Figure 2a–c.

2.2. Algorithm to Extract Characteristics of Pool Oscillation, Droplet Transfer and Arc Profile

The outlines of droplet and pool surface captured by the image processing system are shown
in Figure 2c. The contour coordinates were deformed with the droplet transfer and the pool oscillation.
The dynamic information of the droplet and weld pool can be obtained by tracing the contour
coordinates as a function of time, as shown in Figure 3.

 

Figure 3. Contour extraction of droplets and weld pool.
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A reference point (A) was defined on the weld pool surface to trace the pool surface.
The x coordinate of the reference point is constant; the fluctuation of the y coordinate of the reference
point is the direct information about the weld pool oscillation. To avoid the hindrance of droplet
transition to the surface contour extraction of the weld pool, the reference point (A) was located
on the weld pool surface 1.8 mm from the center of welding wire, as shown in Figure 4.

 

Figure 4. Position of the reference point: A.

The center of gravity of the droplet as approximated to the average value of its contour coordinate,
as calculated by Equation (1) [1].

(xGt, yGt) = (

∑n
1 xnt

n
,

∑n
1 ynt

n
) (1)

(xGt, yGt) is the coordinate of the center of droplet at t, (xn, yn) are the coordinates of the droplet
contour, n is the number of contour pixels. The droplet diameter can be calculated by Equation (2) [1].

Ddroplet =
√(

4× Sdroplet
)
/π (2)

Ddroplet is the equivalent diameter of droplets, Sdroplet is the area of droplet profile calculated by
the number of pixels surrounded by the droplet contour line. Droplet velocity can be calculated by
measuring the center coordinate of droplet in continuous photographs, as shown in Equation (3).

Vdroplet =

√
(xGt1 − xGt2)

2 + (yGt1 − yGt2)
2

|t2 − t1| (3)

(xGt1, yGt1) and (xGt2, yGt2) are the coordinates of the center of droplet at t1 and t2.
Changing the exposure time and the number of filters of high-speed camera can obtain different

shooting effects. Increasing the exposure time and the number of filters equipped on the camera
can cause the background light stronger than the arc light, which can filter the arc light, as shown
in Figure 5a. Reducing exposure time and the number of filters leads to a higher arc light intensity
than the background light intensity, and a precise arc contour can be obtained, as shown in Figure 5b.
The arc characteristics were defined by its root diameter (DR) and projected diameter (DP) during pulse
on the period, as schematically shown in Figure 5b.

 
 

(a) (b) 

Figure 5. (a) Complete filtering out of the arc; (b) typical nature of arc profile.
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2.3. Calculation of Cooling Rate, Growth Rate and Thermal Gradient

The cooling rate of weld can be evaluated by the two equations shown below [6].
For thick plate:

CR = 2×π× k× (TC − T0)/Hnet (4)

For thin plate:
CR = 2×π× k× ρ× c× t2 × (TC − T0)

3/Hnet
2 (5)

where CR = cooling rate (K·s−1), k = thermal conductivity = 15 W·m−1·K−1, ρ = density = 7850 Kg·m−3,
c = specific heat = 500 J·Kg−1·K−1, t = plate thickness(mm), TC = peak temperature = 1534.15 K,
T0 = final temperature = 300.15 K and Hnet = heat input rate(J·m−1). The relative plate thickness factor
was derived to select the proper cooling rate Equation [6]:

τ = t×
√
ρ× c× (TC − T0)/Hnet (6)

Equation (4) is applicable when τ ≥ 0.75, else Equation (5) is appropriate. In this study, 3 mm thin
base plate was used, τ of all the studied conditions was lower than 0.75. Therefore, Equation (5) was
selected to calculate the cooling rate. The dendrite growth rate in the solidification zone at the end of
the weld is calculated as follows [6]:

R = vcosθ (7)

where R = growth rate (mm/s), v =welding speed (mm/s) = 3.5 mm/s, θ = the angle between the normal
to solidification front and the welding direction. The calculation equation of the thermal gradient of
weld pool (G, K ×mm−1) without considering the convection of the weld pool is as follows [6]:

G = CR/R (8)

2.4. Sample Fabrication

A commercial 304 stainless steel plate of 200 mm × 150 mm × 3 mm was used as a base plate
to prepare the bead on plate welds, using 308L stainless steel wire of 1.2 mm (nominal diameter)
as the electrode. The weld groove shape is “I” with no gap. The chemical composition of the base
plate and filler wire is given in Table 1. Gas composed of 98% argon and 2% O2 was used as shield
gas (20 L/min). The contact tip to base plate distance was 15 mm. In this paper, the influences of
current waveform parameters on the weld pool behavior and microstructure of DP-GMAW were
studied, which are thermal pulse frequency (TPF), thermal pulse current change (ΔI) and duty ratio
of thermal pulse peak phase (DTp), respectively. As a comparison, the weld pool behavior and weld
metal microstructure of P-GMAW were also studied. Welding parameters are listed in Table 2.

Table 1. Material characteristics of the base plate and welding wire.

Materials C Si Mn Cr Ni S P N Mo

304 ≤0.08 ≤1 ≤2 18–20 8–10.5 ≤0.03 ≤0.03 ≤0.1 -

316L ≤0.03 ≤1 ≤2 16–18 10–14 ≤0.03 ≤0.045 - 2–3
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Table 2. Welding parameters.

No. Process ITp (A) ITb (A) TPF (Hz) ΔI (A) DTp (%) V Speed (mm/s) Penetration

1 DP 130 90 0.5 40 50 22.5 20 Full
2 DP 130 90 1 40 50 22.5 20 Full
3 DP 130 90 2 40 50 22.5 20 Full
4 DP 130 90 3 40 50 22.5 20 Full
5 DP 130 90 2 40 20 22.5 20 Full
6 DP 130 90 2 40 35 22.5 20 Full
7 DP 130 90 2 40 70 22.5 20 Full
8 DP 130 105 2 25 50 22.5 20 Full
9 DP 130 75 2 55 50 22.5 20 Full
10 DP 130 60 2 70 50 22.5 20 Full
11 P 90 - - - 22.5 20 Full
12 P 110 - - - 22.5 20 Full
13 P 130 - - - 22.5 20 Full

Note: ITp = the average current at the peak of the thermal pulse; ITb = the average current at the base of the thermal
pulse; TPF = thermal pulse frequency; ΔI = ITp − ITb, DTp = duty ratio of thermal pulse peak phase; V = voltage;
Speed =weld speed; DP = DP-GMAW, P = P-GMAW.

3. Results and Discussion

3.1. Effect of Arc and Droplet Transfer on Weld Pool

During the welding process, the arc pressure and the impingement of droplet agitate weld pool
intensify the convection in the weld pool. Hence, the study on heat and mass transfer process definitely
is the premise of that on the dynamic behavior of pool in DP-GMAW. In P-GMAW, the current pulse
frequency is constant. In DP-GMAW, the frequency of the current pulse changes periodically. Typical
electrical signal waveforms of P-GMAW and DP-GMAW.

A thermal pulse cycle of DP-GMAW consists of peak period, base period and transition period of
thermal pulse, as shown in Figure 6. The peak and base period of thermal pulse differ in the frequency
and the peak of current pulse, leading to variational heat input, arc pressure and droplet impingement
force. Therefore, it is necessary to analyze the heat input and force acting on the weld pool during
a single current pulse period, then analyze the variational process of the heat input and the force acting
on the pool during the whole thermal period of DP-GMAW. The thermal nature of the DP-GMAW
weld pool is largely controlled by the heat content of the droplet and the arc heating. Assuming that
the current distribution is homogeneous on the arc projection plane on the pool surface, the arc heat
during one current pulse (Earc) is expressed as follows [16]:

Earc =

∫ 1/ f

0
I(Vw −ϕ)dt (9)

where Vw is the cathode voltage when the cathode material is stainless steel and ϕ is the electronic
work function of stainless steel. Y Yokomizu [17] points out that for stainless steel, Vw is about 16.7 v,
ϕ is 4.77 v. Parc is the instantaneous power of heat input of arc to weld pool. The heat content of
the droplet (Edroplet) can be estimated by the following Equation [14]:

Edroplet = ρh
4
3
π
(Dd

2

)3
(10)

where ρ is the density of the liquid stainless steel, h is the enthalpy of the droplet and Dd is the diameter
of the droplet. Considering overheating of the droplets, the assumed temperature before the droplets
enter the molten pool is 2900 K, and the enthalpy of the droplets h [16] is:

h =

∫ 2900

300
CpdT (11)
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where Cp is the specific heat capacity of the droplet and T is the temperature. According to the research
data of Davim [18], h = 1.578 × 106 J/kg. The total heat input (Etotal) and the power of heat input (Ptotal)
acting on weld pool in a single current pulse period are:

Etotal = ρh
4
3
π
(Dd

2

)3
+

∫ 1/ f

0
I(Vw −ϕ)dt (12)

Ptotal = Etotal × f (13)

where f is the instantaneous frequency of the current pulse. The arc force (Farc) during welding process
is as follows [18]:

Farc =
μ

4π
I2 log

Dd
DR

(14)

where μ is the space permeability of the arc area, μ = 4.073 × 10−4 N/A2 [19]. The momentum of
the droplet (pdroplet) and the droplet impingement pressure on weld pool (Pd) are shown as follows [16]:

pdroplet =
4
3
π

(Ddroplet

2

)3

ρ Vd (15)

Pd =
2 fρDdVd

3
(16)

where Vd is the velocity of the droplet. Combined with the above formula, the arc behavior, droplet
transition behavior, heat input and force acting on the weld pool during a current pulse period were
analyzed, as shown in Figures 7 and 8. The arc size increases first and then decrease with the change of
current during a current pulse, as shown in Figure 8a. At the beginning of the current pulse, the current
and voltage rise rapidly to the peak, the size of the arc, the pressure and the heat power of the arc acting
on weld pool rises synchronously. During peak time, current, arc size, arc pressure rise to the maximum
in the pulse period. The arc transmits most of the heat to the weld pool during peak time, as shown
in Figure 8b. With the decrease of current, the size of arc decreases gradually. The arc pressure and
the heating power also decreases synchronously with current. While the size of the arc increased after
the time of the droplet detached from the wire. It was caused by metal vapor concentration increasing
in arc space when the droplets detach from the wire, and the phenomenon of arc jumping is also one of
the factors, as shown in Figure 7(5,6). While this increase of arc size has no obvious effect on arc force
and heating process at low current. The heat contained by the droplet and its impact force acting on
weld pool can be calculated by Equations (5) and (11). Based on the above data, the total heat input,
the arc pressure and the droplet impingement force acting on the weld pool in a single pulse period
can be calculated, as shown in Figure 8b.

 
(a) (b) 

Figure 6. Welding electrical signal waveform of (a) P-GMAW(No.12); (b) DP-GMAW(No.3).
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Figure 7. Combination of arc behavior, droplet transition behavior and electrical signals: 1–9 are the arc
profile, 10–18 are images of the droplet transfer process (No.3).

 

(a) (b) 

Figure 8. (a) Arc size and droplet diameter; (b) heat input and pressure acting on weld pool.

DP-GMAW process periodically adjusts the output welding current, pulse waveform and pulse
frequency vary with the current on the basis of “one droplet one pulse”. Figure 9 shows the peak pulse
current and pulse frequency with different output welding current. With the increase of the output
current, the pulse frequency increases significantly, while the peak current of the pulse increases slightly.
The main way to control output current for DP-GMAW process is to adjust the current pulse frequency.
The purpose of adjusting the peak of the current pulse is to maintain the stability of the transition
under different welding currents.

 
Figure 9. Peak current and frequency of pulses with different welding currents.
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Figure 10 shows the heat content, the power of heat input, the pressure of arc, the droplet
impingement force and momentum per unit current pulse with different output welding current.
As shown in Figure 10a, the heat content of droplet was similar under different output welding current
the arc heat had the same trend. Due to the uneven composition of the welding wire and the unstable
wire feed speed during welding process, the size of the droplets cannot be consistent. However,
the difference in droplet size with different average currents were small due to the consistency of
the current pulse waveform. However, the heating power acting on weld pool increased obviously due
to a clear growth of current pulse frequency. The momentum carried by the droplets were similar under
different output welding currents, as shown in Figure 10b. Many studies can contribute to explaining
it. The research of Emanuel [1]. Found that the droplet speed depends on the ratio between base to
peak current of P-GMAW, which is different from the traditional GMAW. A slight change in the peak
current could not significantly affect the droplet velocity. P.K. Ghosh’s study [18] came to a similar
conclusion that the diameter and speed of droplet in P-GMAW process predominantly depends upon
Ip irrespective of mean current and arc voltage. The increase of droplet transition frequency leads to
an obvious increase of equivalent droplet impact force, as shown in Figure 10b. It is worth noticing
that the arc pressure acting on the weld pool was much less than the droplet impingement force. Other
researchers have described similar phenomena that liquid waves in P-GMA welding are triggered
primarily by the impact of droplet, not by arc pressure [20]. Therefore, this paper only considers
the droplet impingement force on weld pool.

 

(a) (b) 

Figure 10. Heat input (a), pressure and momentum (b) of arc and droplet during single current-pulse
with different welding currents.

Figure 11 shows the heat input and the droplet impingement force acting on the weld pool during
the thermal pulse period with different ΔI. As shown in Figure 11, the process of thermal and pressure
acting on the weld pool demonstrated the characteristic periodically fluctuation same with the thermal
frequency. The heat input rate of the different stage of the thermal pulse were the average heat input
rate during Tp or Tb. This paper compares the heat input rate and the thermal gradient of weld pool
(G) at different period under all parameters, as shown in Table 3. It should be noted that the thermal
gradient of weld pool (G) along the welding direction calculated by Equation (7) is without considering
the pool convection.

  
(a) (b) 

Figure 11. Changes of heat input (a) and droplet impingement force (b) in thermal pulse of DP-GMAW.
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Table 3. Heat input rate (KJ/m) and the thermal gradient of weld pool (K ×mm−1) with different parameters.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13

Tp 68.2 72.5 66.2 68.7 71.5 66.7 71.8 82 60.6 52.1 - - -
Tb 137 134.9 136 133.8 135.6 133.8 135.7 133 133 133 - - -

Avg. 102.6 103.7 101 101.2 84.3 90.2 116.5 107 96.8 92.6 71 102.2 142
GTp 67.3 59.6 71.4 66.3 61.2 70.4 60.7 46.5 85.2 115.2

62 30.4 15.5GTb 16.7 17.2 16.9 17.5 17.0 17.5 17.0 17.8 17.7 17.6

3.2. The Behavior Characteristics of Weld Pool in Double-Pulsed GMAW

In the process of DP-GMAW, the thermal and pressure acting on the weld pool of TP and TB are
significantly different, the dynamic behavior of weld pool were varied with thermal frequency (F).
For a better understanding of the influence of DP-GMAW current waveform parameters on the dynamic
behavior of austenite stainless steel weld pool, the profile and oscillation characteristics under different
current waveform parameters were recorded and extracted. In order to simplify the analysis process,
two typical current waveform parameters (No.3 and No.12) were selected to summarize the weld
pool profile.

The heat and the mass transferred to the weld pool during the period of a single current pulse
can hardly affect the shape of weld pool significantly. In P-GMAW, the heat input and the droplet
impingement force acting on weld pool are constant during welding process, and the profile of the weld
pool caused by them remains stable, as shown in Figure 12a. In DP-GMAW, the length and the width
of weld pool in the base period of thermal phase were obviously smaller than that in the peak period,
as shown in Figure 12b,c. The smaller heat input and less metal deposition lead to rapid shrinkage of
pool size during base period. The pool trailing edge shrank and separated from the solidified bead
boundary of the weld, as shown in Figure 12c. This is the main factor that forms bead surface ripple.
The shrinkage and expansion of the weld pool outline is mainly affected by the fluctuation of heat
transfer and mass transfer in Tp and Tb period of thermal pulse.

   

(a) (b) (c) 

Figure 12. The variation of weld pool profile in thermal pulse: (a) P-GMAW (No.12); (b) peak period of
thermal pulse of DP-GMAW (No.3); (c) Base period of thermal pulse of DP-GMAW (No.3).

The length variation of the weld pool under different parameters of the current waveform are
shown in Figure 13. Figure 13a shows the weld pool length at Tp and Tb with different TPF. During
the P-GMAW welding process, the weld pool can be regarded as a constant. The blue and red
curves of Figure 13a are the curve of weld pool length at Tp and Tb, respectively, with the thermal
frequency. The descending trend of blue curve and the ascending red curve indicates that pool
length at Tp is gradually shortened while that at Tb is gradually increased with the increase of heat
pulse frequency. It indicates that with the increase of thermal frequency, the period of Tp decreases,
and the heat accumulation and droplet transition acting on the weld pool gradually decrease, resulting
in the decrease of the weld pool length at Tp. While the differences of the heat and droplet transfer
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amount into the weld pool at Tp and Tb stage gradually decreases, the pool length difference between
Tp and Tb gradually decreases but both close to the length of P-GMAW.

  
(a) (b) (c) 

Figure 13. Variation of weld pool length with (a) heat thermal frequency; (b) duty cycle of the thermal
pulse; (c) current amplitude of thermal pulse.

Figure 13b shows the pool length at Tp and Tb with different DTp. With larger DTp, the total
heat input and droplet transition acting on the weld pool increase, the pool length at Tp and Tb both
increasing. It has to be noticed that as DTp increases, the difference between the pool length at Tp and
Tb always increases first and then decreases. Small DTp could cause longer Tb with fixed thermal pulse
frequency, the heat accumulation in Tp was too small to significantly expand the size of weld pool.
A larger DTp could cause smaller Tb, shorter low heat input time (Tb) could not cause a significant
reduction in the size of the pool. Too large or too small DTp could result in small length difference.

Figure 13c shows the pool length at Tp and Tb with different ΔI. With larger ΔI, the total heat input
and droplet transition acting on the weld pool decrease, the pool length at Tp and Tb both decreasing.
Larger ΔI increases the differences of heat accumulation and amount of deposited metal between the Tp

and Tb.
The oscillation process of weld pool was recorded by the method mentioned in Section 2.2.

Two typical current waveform parameters (No. 3 and No. 11) were selected to summarize the oscillation
process of the weld pool, as shown in Figure 14. The fluctuation in the amplitude of the pool oscillation
during the P-GMAW welding process was constant (Figure 14a), while that during the DP-GMAW
was obvious (Figure 14b). That is the oscillation amplitude of weld pool in Tp is much larger than
that in Tb, since the droplet impingement force of P-GMAW and the size of weld pool were stable
(Figures 11b and 13a), the amplitude of pool oscillation can be regarded as a constant.

  
(a) (b) 

Figure 14. Height of reference point A as a function of time: (a) P-GMAW(No.12); (b) DP-GMAW(No.3).

In DP-GMAW, the fluctuation process of oscillation amplitude is similar to the process of thermal
and pressure on the weld pool, as shown in Figure 11. The droplet impingement force on the weld
pool increases significantly when the high-frequency current pulses increase the volume of weld pool
during Tp period, which is the main reason for the larger oscillation amplitude of the weld pool.
The size of the weld pool and the droplet impingement force simultaneously resulting in a decrease
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in the amplitude of oscillation during Tb period. The variation of oscillation amplitude of weld pool
under different parameters of the current waveform are shown in Figure 15.

  
(a) (b) (c) 

Figure 15. Variation of weld pool oscillation amplitude with (a) heat thermal frequency; (b) duty cycle
of the thermal pulse; (c) current amplitude of thermal pulse.

The curves of the weld pool amplitude in Tp and Tb under different thermal pulse frequencies had
a similar trend to the weld pool length, as shown in Figures 13a and 15a. Increasing the frequency of
thermal pulses led to a reduction in the difference between the size of the weld pool at Tp and Tb. As for
the oscillation amplitude at Tp, the decrease in the size of the weld pool can decrease the oscillation
amplitude under the same droplet impingement force. The increase in the weld pool size at Tb can
increase the oscillation amplitude, as shown in the red line of Figure 15a. However, there is no denying
the fact that the average oscillation amplitude of DP-GMAW was greater than that of P-GMAW.

Larger duty cycle of the thermal pulse (DTp) can trigger greater oscillation amplitude with larger
pool size and longer high-frequency droplet impingement. too large or too small DTp could result
in small amplitude difference of the oscillation amplitude within Tp and Td, as shown in Figure 15b.

Larger ΔI will increase the difference between the pool size and the droplet impingement force
in Tp and Tb, leading to a greater oscillation amplitude difference. However, the decrease of total heat
input decreased the average amplitude of weld pool, as shown in Figure 15c.

So, as to what is known, DP-GMAW weld pool behavior is more complicated compared with
P-GMAW. During switching from Tp to Tb, the pool size experiences “expanding–shrinking” variation,
the change of the oscillation amplitude of weld pool is synchronized with the pool size.

3.3. Effect of Process Parameters on Microstructures

The microstructure of fusion weld metal is controlled by the solidification behavior of weld
pool [21]. Metallographic observation of all weld cross-sections with different welding parameters
was conducted, and no defects such as incomplete fusion and porosity can be found. As mentioned
above, the thermal pulse of DP-GMAW caused significant fluctuations in weld pool size and oscillation
amplitude during welding process. It resulted in significant differences in welding microstructure
between P-GMAW and DP-GMAW. The weld cross-sections, typical microstructures and heat affected
zone (HAZ) of different weld processes (No.3 and No.12) are shown in Figures 16 and 17.

The microstructure of the P-GMAW weld was composed of coarse austenite (γ) columnar structures
and small part of equiaxed austenite grain. The equiaxed crystal regions are distributed in the gaps
between the ends of the columnar crystal regions, there is no obvious boundary between the equiaxed
crystal regions and the columnar crystal regions, as shown in Figure 16b. The ferrite (δ) morphology
was skeleton-shaped, distributed in the columnar austenite grain gap.

Compared to P-GMAW, the microstructure of DP-GMAW weld exhibited an obvious refinement
of microstructure along with large distribution of equiaxed crystal regions. A clear boundary emerged
between the equiaxed crystal area and columnar crystal area, as shown in Figure 17b. Although
the structure of austenite columnar crystals was significantly refined, it can be found that the ferrite
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size increased significantly by comparing the ferrite morphology in austenite gap between P-GMAW
and DP-GMAW, as shown in Figures 16d and 17d.

 

Figure 16. Optical micrographs of microstructure and heat affected zone (HAZ) of P-GMAW (No.12):
(a) weld cross-section; (b) typical microstructure of P-GMAW weld, (c) coarse austenite columnar
structures, (d) ferrite morphology and (e) HAZ.

 

Figure 17. Optical micrographs of microstructure and HAZ of DP-GMAW (No.3): (a) weld cross-section;
(b) typical microstructure of DP-GMAW weld, (c) austenite equiaxed dendrites structures, (d) ferrite
morphology and (e) HAZ.

Figure 18 is a schematic sketch explaining how the thermal pulse of DP-GMAW helps grain
refining. The dynamic behavior of the weld pool and the fluctuation of solidification parameters
are the main factors that trigger the refinement of structure of DP-GMAW. The thermal pulse of
DP-GMAW caused synchronized periodical fluctuations in heat input and pool amplitude, as shown
in Figure 18a. Low heat input led to the large temperature gradient G of the weld pool during Tb.
Ferrite was the primary grain in weld pool, ferrite columnar dendrites dominate with less constitutional
supercooling (the area surrounded by TL and Tactual), as shown in Figure 18b.
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Figure 18. Thermal pulse helping grain refining: (a) process of the heat input and pool oscillation
amplitude in DP-GMAW; (b) constitution supercooling in thermal base period; (c) constitution
supercooling in thermal peak period.

The high heat input during Tp can reduce the temperature gradient G in weld pool. The oscillation
amplitude of weld pool was greatly increased, resulting in the enhancement of convection, which is
expected to reduce the temperature gradient G in weld pool, leading to more constitutional supercooling
(the area surrounded by TL and Tactual) in the weld pool, as shown in Figure 18c. The peak thermal
period can cause reheating and melting of dendrite arms, thus hindering the further crystal growth
and causing dendrite fragmentation [22]. At the same time, the shear stress produced by the enhanced
convection in weld pool aggravates the dendrite fragmentation during Tp. The broken dendrite particles
provide the necessary crystal nucleus for the liquid metal crystallization. Excessively constitutional
supercooling was beneficial to the dendrite fragments survival and grow into equiaxed grains.

The equiaxed ferrite grains in the freshly solidified weld transforms into austenite by diffusion
transformation in subsequent Tb of thermal pulse. While the fast weld cooling speed reduced transition
time of “δ→γ”, both diffusion of ferrite-forming elements and austenite-forming elements were
suppressed. It is the main factor leading to increasing the size and the content of ferrite structure
in DP-GMAW weld microstructure compared to P-GMAW, as shown in Figure 16c,d and Figure 17c,d.

The microstructure of HAZ of weld joints prepared by P-GMAW and DP-GMAW are shown
in Figures 16e and 17e. There is no obvious difference in the grain size of HAZ between the weld joints
prepared by P-GMAW and DP-GMAW respectively. Similar heat input rate between welding parameters
of No.11 and No.3 may be the main reason. The average size of weld microstructure and HAZ with
different welding parameters were measured using the intercept method (as per ASTM E112-10),
the values are statistic presented in Figure 19a. When the base metal of HAZ is heated, the microstructure
undergoes a process of recrystallization, new undistorted equiaxed grains appear in the microstructure
and gradually replace distorted grains. After the recrystallization is completed, continue to heat up
or prolong the elevated temperature holding time could make the grain continue to grow. The size
of HAZ in weld joint mainly depends on the heat input rate, Large heat input rate leads to longer
elevated temperature holding time of HAZ, which is conducive to the diffusion and recrystallization
process of tissue, thus leading to serious growth of grains. The fitting curve between grain size of
HAZ and heat input rate is shown in Figure 19b. It can be found that the heat input rate has a good
linear relationship with the grain size of HAZ, while no obvious correlation could be found between
the grain size of HAZ and the thermal pulse of DP-GMAW.
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Figure 19. (a) Average grain size of weld metal and HAZ; (b) grain size of HAZ with different heat
input; (c) grain size of weld metal with different heat input; (d) tensile strength with different heat input.

The increase of heat input rate could also coarsen the weld metal grain. The weld grain size
has a good linear relationship with the heat input rate in P-GMAW [6,23], as shown in Figure 19c.
In order to evaluate the beneficial effect of thermal pulse of DP-GMAW on grain refinement of weld
metal microstructure with different welding parameters. “ΔSize” is used to characterize the degree of
grain refinement, “ΔSize” is the difference between the size of DP-GMAW welding grain and P-GMAW
welding grain under the same heat input. The grain size of P-GMAW welding was estimated by
the linear fitting equation between the heat input and weld metal grain size of P-GAMW, as shown
in Figure 19c. A larger “ΔSize” represents the more significant effect of thermal pulses on grain
refinement. The transverse tensile test of the weld joints prepared by P-GMAW and DP-GMAW with
different heat input is given in Figure 19d. It is observed that the tensile test of DP-GMA weld joint is
higher than those of P-GMA weld joint due to the thermal pulse. As for the hardness of the weld joints,
Ping Yao found that the variation characteristic of the hardness was approximately the same as that of
grain size of weld joints of the 304 stainless steel prepared by P-GMAW and DP-GMAW [12].

Figure 20a shows “ΔSize” with different thermal pulse frequencies. In contrast, the average grain
size of double pulse weld metal microstructure at thermal frequency = 2 was the smallest. Increasing
the frequency of thermal pulses can effectively refine the grains of the weld metal with the given heat
input rate. Figure 20b shows “ΔSize” with a different duty cycle of thermal pulse. A low duty cycle
leads to the short duration of large constitutional supercooling of the weld pool, and the dendrite arms
could not be melted off fully. Insufficient dendritic fragments can be the equiaxed nuclei in the weld
pool. A large duty cycle leads high heat input which promote coarse-grain. Figure 20c shows
“ΔSize” with different thermal pulse current change. Under the premise of maintaining the stability
of the arc, the larger the current difference, the more effective the grain refinement of the thermal
pulse. However, large current difference could result in poor weld formation. Therefore, increasing
the current difference of thermal pulse cannot simultaneously obtain the fine grain and the good weld
formation. It is necessary to analyze the actual situation in the application.
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Figure 20. Variation of ΔSize with (a) heat thermal frequency; (b) duty cycle of the thermal pulse;
(c) current amplitude of thermal pulse.

4. Conclusions

In this paper, a high-speed photography system and image processing technology were used to
extract the characteristics of arc profile, the droplet transfer and the weld pool oscillation. The influence
of DP-GMAW welding parameters on heat input, pressure acting on weld pool, weld pool size and
oscillation amplitude have been calculated. Additionally, the internal relation between weld pool
behavior and microstructure was analyzed. The conclusions are as follows:

(1) In contrast with P-GMAW, the length and the oscillation amplitude of the weld pool show
periodic changes within one thermal pulse of DP-GMAW. The thermal pulse led to remelting and
resolidification of the weld bead near the pool trailing edge which shrank and separated from
the solidified bead boundary of the weld during switching from Tp to Tb.

(2) Welding pool oscillation caused by the thermal pulse enhances the weld pool convection, which
can help dendrite fragmentation, thus providing sufficient crystal nucleus for liquid metal
crystallizing. The convection can reduce the temperature gradient of the weld pool and increase
constitutional supercooling of the weld pool to promote equiaxed grains surviving and growing.

(3) The size of HAZ in the weld joint mainly depends on the heat input rate. Thermal pulse of
DP-GMAW has an insignificant effect on the grain size of HAZ.
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Abstract: For the automation of a laser beam welding (LBW) process, the weld quality must be
monitored without destructive testing, and the quality must be assessed. A deep neural network
(DNN)-based quality assessment method in spectrometry-based LBW is presented in this study.
A spectrometer with a response range of 225–975 nm is designed and fabricated to measure and
analyze the light reflected from the welding area in the LBW process. The weld quality is classified
through welding experiments, and the spectral data are thus analyzed using the spectrometer, according
to the welding conditions and weld quality classes. The measured data are converted to RGB (red,
green, blue) values to obtain standardized and simplified spectral data. The weld quality prediction
model is designed based on DNN, and the DNN model is trained using the experimental data. It is
seen that the developed model has a weld-quality prediction accuracy of approximately 90%.

Keywords: deep neural network; high strength steel; laser beam welding; penetration; quality
assessment; spectrometer

1. Introduction

The advent of Industry 4.0 has brought significant enhancements to manufacturing processes,
which are now based on smart and autonomous systems, and are incorporated with data and machine
learning (ML) [1]. The enhancements to smart manufacturing processes, especially concerning welding
technology, must be extended and established, in the context of modern manufacturing [2]. Among
various welding technologies, laser beam welding (LBW) has a higher precision, productivity, flexibility,
effectiveness, and numerous other advantages, which include a deeper penetration, higher welding
speed, and lower distortion, compared to other welding technologies, owing to the properties of
the power sources in LBW [3–6]. In addition, the LBW is a suitable joining technology for welding
dissimilar metals and advanced materials such as NiTi alloy [7–9]. The LBW presents a substantial
potential for manufacturing applications [10], and more study on the LBW process is required to
increase the benefits of the LBW. In particular, there seems to be a need of research in the field of
monitoring and controlling the welding process and weld quality, which is attributed to the complexity
of LBW systems and the characteristics of the LBW process. Considering that the technologies in
this field are essential to develop a smart manufacturing system for LBW, extensive research must be
carried out to achieve this objective.

The monitoring of a process, and consequently the quality assessment, can be divided into three
categories: pre-process, in-process, and post-process [11]. The pre-process monitoring concerns the
weld seam tracking before welding or ahead of the laser heat source. The in-process monitoring focuses
on the monitoring of the phenomena on the welded zone during welding, such as the keyhole’s shape
stability. The post-process monitoring, generally, is concerned with the weld defect detection, and the
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measurement of the form of the weld seam, after welding, or behind the weld pool. In the pre-process
and post-process monitoring methods, ultrasonic and camera-based techniques have been dominantly
used. In the case of in-process monitoring, a wider range of measuring methods, including optical
(ultraviolet, visual, infrared) and acoustic detectors, X-ray radiography, and camera-based methods,
have been used to adequately deal with welding phenomena generated by the high-energy-density laser.

According to Stavridis et al. [10], the in-process quality assessment, i.e., in-process monitoring
of LBW, can be further sub-divided into four parts, based on the monitoring techniques used, such
as image processing, acoustic emission, X-ray radiography, or optical signal techniques. Vision and
thermal images are mainly used in image processing techniques to observe the weld pool [12],
keyhole [13], plume, and spatters [14]. The acoustic emission techniques have been applied for the
measurement of the melting, vaporization, plasma generation, keyhole formation [15], and propagation
of cracks [16], and the X-ray techniques have been used to observe the welding phenomena and
defects, including slag inclusions, blow holes, incomplete penetration, and undercuts [17]. In the
case of optical signal techniques, they use vision systems (charge-coupled device and complementary
metal–oxide–semiconductor cameras), photodiodes [18], and spectrometers (which are highly related
with the topic of the study).

Sibillano et al. [19] studied the dynamics of the plasma plume, produced in LBW of 5083 aluminum
alloy, with the help of correlation spectroscopy, and presented the results of the influence of welding
speed on the loss of alloying elements. Rizzi et al. [20] investigated the spectroscopic signals, produced
by the laser-induced plasma optical emission, together with energetic and metallographic analyses of
CO2 laser-welded stainless-steel lap joint, using the response surface methodology (RSM). This statistical
approach allowed the study of the influence of the laser beam power and laser welding speed, on the
plasma plume electron temperature, joint penetration depth, and melted area. Konuk et al. [21] used a
spectrometer to collect the optical emissions of the welding area, and calculate the electron temperature,
and the data measured and calculated were used to determine the weld quality and to control the
laser power. Sebestova et al. [22] designed a sensor to monitor the pulsed Nd:YAG laser welding
process, based on the measurement of the plasma electron temperature, and this sensor was used to
detect the weld penetration depth. Zaeh and Huber [23] investigated the radiation emission of the
laser-induced plume during LBW of aluminum and steel alloys, and they developed a system to control
the chemical composition of the melt pool, during the active welding process. Chen et al. [24] proposed
a spectroscopic method based on a support vector machine (SVM) and artificial neural network (ANN)
for the detection and classification of fiber laser welding defects. The spectral data captured by the
spectrometer was processed by selecting sensitive emission lines and extracting features of the evolution
of the spectral data; the SVM and ANN models were designed based on the processed spectral data.
It has been verified that these two models were quite effective in detecting and classifying the weld
defects. Zhang et al. [25] designed a multiple-sensor system that includes an auxiliary illumination
visual sensor system, an ultraviolet- and a visible-band visual sensor system, a spectrometer, and two
photodiodes to capture the real-time welding signal and determine the laser welding quality. A deep
learning framework based on the stacked sparse autoencoder (SSAE) was established to model the
relationship between the multi-sensor features and their corresponding welding statuses; a genetic
algorithm (GA) was used to optimize the parameters of the SSAE framework. Lee et al. [26] developed
an in-situ monitoring system using a spectrometer for laser welding on galvanized steel. They applied
Fisher’s criterion to rank several features for extraction of the most valuable features, and then used
the K-nearest neighbors and SVM algorithms to classify welding conditions related to the welding
defects. Although some studies have been carried out to investigate weld quality assessment using
a spectrometer in LBW process, till date, little attention has been paid to the quality assessment
methodology, in LBW, based on the spectrometer and ML algorithms.

This study presents a deep neural network (DNN)-based quality assessment method in
spectrometry-based LBW. We designed a spectrometer, that can measure and analyze the light
reflected from the welding area in LBW process. The weld quality of LBW was classified through
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welding experiments, and the spectral data were analyzed using the spectrometer, according to
the welding conditions and weld quality classes. Subsequently, the spectral data were converted
to CIE 1931 RGB values, to standardize and simplify the spectral data. A weld quality prediction
model was designed based on DNN, and the DNN model was trained using the experimental data.
The weld-quality prediction accuracy of the model was calculated.

The remainder of the paper is organized as follows. Section 2 describes the experimental procedure
and setup. The obtained results are discussed in Section 3, and Section 4 concludes the paper with a
brief summary.

2. Experimental System and Procedure

2.1. Spectrometer Development

Figure 1 shows the schematic and prototype of the spectrometer designed in this study,
which includes a collimator, an optical fiber, a connector, a reflective diffraction grating, a focusing
mirror, and a complementary metal-oxide-semiconductor (CMOS) linear sensor. The optical fiber,
through which the light enters, is connected to the collimator with an SMA (SubMiniature version
A) connector. Since the round-to-linear fiber optic bundle (model No.: BFL200HS02, Thorlabs Inc.,
Newton, MA, USA) is used as the optical fiber, there is no need to add a separate slit as an entrance
aperture. This indicates that the output terminal of the fiber optic bundle, i.e., the linear bundle,
acts as the slit. The collimator (model No.: PAF2S-7A, Thorlabs Inc., Newton, MA, USA) is used to
collimate the light, coming from the fiber optic bundle, and then send a collimated beam towards the
grating. The reflective diffraction grating (model No.: GR13-0605, Thorlabs Inc., Newton, MA, USA)
splits the photons coming from the collimator, depending on the wavelength, and then spreads the
light across the focusing mirror (concave). The focusing mirror directs the light, at each wavelength,
onto the CMOS linear image sensor. The line camera (model: USB line camera 8M, Coptonix GmbH,
Berlin, German) which consists of a main circuit board, and the CMOS linear image sensor (model
No.: S11637-1024Q, Hamamatsu, Hamamatsu City, Japan) is used as the detector. Each pixel of the
CMOS linear image represents a portion of the spectrum that is translated into a measurable value, by
a spectroscopy software. A dedicated software was also developed to operate the spectrometer, display
the measured data, and store measurement results. The spectral response range of the developed
spectrometer was 225–975 nm, and its sampling frequency was 5 kHz.

  
(a) (b) 

Figure 1. Configuration of the developed spectrometer: (a) schematic; (b) designed prototype.
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2.2. Experimental Setup and Material

The experiment was conducted using a 4-kW disk laser welding system (model No.: TRUMPF
HLD 4002, procured from Trumpf GmbH + Co. KG, Ditzingen, Germany). Figure 2 shows a diagram
of the experimental setup, which was constructed by reference to the study of You and Katayama [27].
The scanner laser head was equipped with a six-axis robot arm, and was connected with two optical
fibers. One of them was the round-to-linear fiber optic bundle connected to the spectrometer, and the
other was the optical fiber for laser beam input transmission from the laser power source. In the
former case, the scanner laser head and the fiber optic bundle were assembled with a connector,
shown in Figure 3, which also has a function to condense the light entering the scanner laser head.
The light emission of visible light and laser light from the welding area was transmitted to the
spectrometer, through the scanner laser head (having a partially transmitting mirror) and optical fiber.
The transmitted visible light emission and laser beam reflection were collimated by the collimator,
and detected by the line camera. The image data obtained by the CMOS linear image sensor were
sampled and digitalized at a frequency of 5 kHz. Subsequently, the processed data were collected,
displayed, and stored by the computer software. Figure 4 shows a plot of the spectrum intensity
variation, in LBW of lap joint configuration, with a welding speed of 1.5 m/min and a laser power of
3500 W. To test the weld quality and collect data for development of weld quality prediction models,
the experiment was carried out using typical automotive high strength steel (uncoated 780 MPa-grade
dual-phase (DP) steel) sheets of 1.2 mm thickness. The workpiece was cut to dimensions of 100× 30 mm,
and welding was conducted in the overlap joint configuration.

Figure 2. Schematic of experimental setup.
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Figure 3. Experimental setup and installation of the spectrometer.

Figure 4. Spectrum intensity variation, in the LBW of a lap joint configuration, with a welding speed
1.5 m/min and a laser power of 3500 W (thickness of sheet is 1.2 mm).

2.3. Experimental Procedure

In this study, we tried to classified the weld quality into four types as shown in Figure 5:
(Class 1) Unwelded: No weld is formed between the workpieces
(Class 2) Incomplete penetration: Weld is formed between the workpieces but not full penetration
(Class 3) Full penetration: Weld fully penetrates all workpieces
(Class 4) Unwelded by a gap, between the workpieces in lap joint configuration
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Figure 5. Schematics of four weld qualities defined in this study.

To evaluate the weld quality and as well as to obtain experimental data, which can be qualified
according to the predefined types and are enough to develop a quality prediction model, the welding
parameters were initialized with values presented in Table 1. For the laser power and the welding
speed, welding was carried out twice (2 replicates) in all possible conditions (21 combinations), at a
gap of 0 mm. At a gap of 0.8 mm, welding was carried out only at laser powers of 3000 and 4000 W for
all welding speeds, which means that welding was performed under six conditions for two replicates.
All welding runs were carried out with a length of 50 mm in the lap joint configuration. The diameter
of a focused laser beam was 0.6 mm, and the wavelength of disk laser was 1030 nm. The defocused
distance was fixed at 0 mm. Argon (Ar) inert gas was used as shielding gas, and the flow rate of the
shield gas was set to 20 L/min. The metal back plate was set under the workpieces as shown in Figure 1.

Table 1. Experimental factors and their values.

Welding Parameter Value

Laser power (W) 1000, 1500, 2000, 2500, 3000, 3500, 4000
Welding speed (m/min) 1.5, 2.0, 2.5

Gap (mm) 0, 0.8

3. Results and Discussion

3.1. Weld Quality Evaluation

In this study, we evaluated the weld quality, by examining the cross sections of the weld joints,
shown in Table 2. Three pre-defined types of joints were observed: unwelded, incomplete penetration,
and full penetration, according to different welding speeds and laser power. The “unwelded” type
was mainly observed in case of a relatively low power range of 1000–1500 W, and the type “incomplete
penetration” was observed in the range of 1500–2000 W. The type “full penetration” was observed in
the range of 2500–4000 W. Because the back plate was used in this study (shown in Figure 2), it seems
that burn-through was not created when a high laser power was used. That might have led to a larger
range of the “full penetration” type. Figure 6 shows the top, bottom, and side views of the weldment,
having a gap of 0.8 mm. Although a welding speed of 1.5 m/min and laser power of 3000 W produced
a “full penetration” joint, in the case of zero gap (Table 2), a weld joint was not seen, in the case of
0.8 mm gap. This is because the molten metal was insufficient to fill the gap, which was larger in size.
This results in the formation of the last type of joint, “unwelded,” which is due to the unfilled gap
between the workpieces in the lap joint configuration.
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Table 2. Cross-sections of welded joint according to the laser power and welding speed.

Laser Power (W)
Welding Speed (m/min)

1.5 2.0 2.5

1000 Unwelded Unwelded Unwelded

1500

 

Unwelded Unwelded

2000

   

2500

   

3000

   

3500

   

4000
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Figure 6. Workpiece appearance with a gap of 0.8 mm after welding with a welding speed 1.5 m/min
and a laser power of 3000 W: top view, bottom view, side view.

3.2. Signal Analysis

Table 3 shows the color-coded images, which helps to visualize a 3D image of the spectrum
intensity (Figure 4) in a 2D form of the spectrum during 0.2 s (0.4–0.6 s). In the color-coded image,
the horizontal and vertical axes represent the time and wavelength, respectively, and the intensity
is mapped in color. The used color scale was the same used by Viridis [28], and the minimum and
maximum values of the color scale were set as 0 and 65535, respectively. It was seen that higher
intensities were observed, mainly in the wavelength range of 350–650 nm. In general, when the
laser power was kept constant, a higher welding speed increases the intensity. In terms of the size
of weld bead, i.e., the penetration and width, this signifies that smaller the weld bead, more was
the light, reflected into the spectrometer. Similarly, in case of constant welding speeds, the higher
the welding power, the larger was the intensity. However, in this case, even if the size of the weld
bead increased, the intensity increased, as the laser power increased. This means that the intensity is
influenced more by the laser power, than the weld bead size. These trends were quite clearly observed,
in the range of 1000–2500 W of the laser power. However, these trends were rarely observed in all
values of laser power more than 3000 W, and rather, all color-coded images in these conditions were
almost identical. Additionally, in these conditions, the size of the weld beads, at each welding speed,
was almost identical, regardless of the laser power. The growth of the weld bead seems to saturate at a
laser power above 3000 W. It is thought that two experimental results, observed when the laser power
was more than 3000 W, are related to each other. Table 4 presents the color-coded images of spectrum
at all conditions, at a gap of 0.8 mm, and the other configurations except the gap setting are same as
those of Table 3. In this case, the pattern of the spectrum intensity was irregular, and the intensity level
was smaller, compared to those of Table 3. This result indicates that the irregular geometry of the
welding area, caused by the gap, caused a higher irregular reflection of the visible light and laser light.
The 3D images (Figure 4) and color-coded images (Tables 3 and 4) may be difficult to be interpret,
and their color and form can also change quite drastically, when compared to a referenced color scale
and other configurations. Therefore, in this study, we used the color space created by the International
Commission on Illumination in 1931 (CIE 1931 color space), to convert the measured spectrum data to a
standard form. The measured spectrum data were converted into CIE 1931 XYZ values, and then these
values were further converted into CIE 1931 RGB values by Colour, an open-source Python package,
providing algorithms and datasets for color science [29]. The RGB format is effective for showing the
features of data measured by the spectrometer and it consists of much smaller data converted using
the spectrum data, which allows to estimate models and handle data, with less computation time.
Additionally, the maximum value of wavelength for each sample was searched and added.
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Table 3. Color-coded images of spectrum, according to the laser power and welding speed; in each
image, the horizontal axis is time (s), the vertical axis is wavelength (nm), and intensity is mapped in
color (color scale: Viridis, date from [28]).

Laser
Power

(W)

Welding Speed (m/min) Color
Scalelegend1.5 2.0 2.5

1000

   

1500

   

2000

    

2500

   

3000

   

3500

   

4000
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Table 4. Color-coded images of spectrum at a gap of 0.8 mm according to the laser power and welding
speed: in each image, the horizontal axis is time (s), the vertical axis is wavelength (nm), and intensity
is mapped in color (color scale: Viridis, data from [28]).

Laser
Power

(W)

Welding Speed (m/min) Color
Scalelegend1.5 2.0 2.5

3000

   

4000

   

To investigate the effect of the weld penetration on the spectrum intensity, the maximum
wavelength and RGB values, at a laser power of 2000 W and different welding speeds, are shown in
Figure 7. It is seen that the welding heat input (expressed in kJ/mm) increases, as the welding speed
decreases, when the laser power was kept constant. Likewise, the weld penetration increased with
increasing heat input, as the welding speed decreased (Table 2). The RGB value, which is converted
from the intensity data, decreased when the penetration was increased, which is similar to the results
shown in Table 3. It might be inferred that the amount of light reflected from the welding area decreases,
as the penetration depth increases, when the laser power is limited to 3000 W, as used in this study.
The maximum values of the wavelength were found to be distributed in the range of 500–540 nm,
and these values in the case of welding speed 1.5 m/min were slightly lower, when a different welding
speed was used. Figure 8 shows the maximum wavelength and RGB values wavelength, at a welding
speed of 2.5 m/min, according to different laser powers. The RGB values increased, as the laser power
increased, even though the size of weld bead increased due to the high laser power. In addition,
the RGB values were almost same, in the conditions of the laser power more than 3000 W. These results
were found to be in good agreement, with those of Table 3. The maximum values of wavelength were
distributed in the range of 530–540 nm. Figure 9 shows the RGB values and maximum wavelength at a
gap of 0.8 mm, and a 3000 W laser power, according to the welding speed. In this case, the maximum
wavelength and RGB values were almost same as those shown in Figure 8c, which had conditions
of a 3000 W laser power and a 2.5 m/min welding speed. However, overall waveforms of the RGB
curves were found to be uneven and irregularly-shaped, and the variations of the RGB and maximum
wavelength values were relatively small, as compared to those of the cases when the laser power was
above 3000 W. For this reason, the green curve is clearly separated from the red and blue curves, as seen
in Figure 9.
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(a) (b) 

 
(c) 

Figure 7. RGB values and maximum wavelength at laser power of 2000 W: welding speed of
(a) 1.5 m/min; (b) 2.0 m/min; (c) 2.5 m/min.

  
(a) (b) 

  

  
(c) (d) 

Figure 8. RGB values and maximum wavelength at welding speed of 2.5 m/min: laser power of
(a) 1000 W; (b) 2000 W; (c) 3000 W; (d) 4000 W.
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(a) (b) 

 
(c) 

Figure 9. RGB values and maximum wavelength, at 0.8 mm gap and 3000 W laser power: welding
speed of (a) 1.5 m/min; (b) 2.0 m/min; (c) 2.5 m/min.

3.3. Weld Quality Prediction Model

To predict the weld quality, a DNN model was used as the prediction model. As shown in
Figure 10, we modeled a neural architecture, as a seven-hidden-layer DNN, and assigned 256 neurons
to each of the hidden layer. The neurons of every preceding layer were fully connected, to those of the
succeeding layer. The eight values, which were the average and standard deviation of the RGB values
and the maximum wavelength, were used as the inputs to the network (see Nomenclature). Especially,
considering the weld size and speed of welding, the model was designed to predict the weld quality, per
0.5 mm of the weld length. The outputs are the four joint types, described in Section 2.3: unwelded (Y1),
incomplete penetration (Y2), full penetration (Y3), and unwelded by a gap (Y4). The other specifications
of the DNN implementation model is summarized in Table 5. All the hidden layers utilized rectified
linear unit (ReLU) functions, to calculate their respective intermediate outputs. The output layer had
four nodes, and the output layer with the Softmax activation function computed and returned the
type probability with respect to each of the output types. The prediction of the weld quality, by the
model, was determined based on the type probability. A total of 5400 data sets (4320 training sets and
1080 test sets) were used to generate the DNN model. Each dataset contained the given eight input
variables, and four output variables. The backpropagation algorithms were carried out with a batch
size of 50, with 500 epochs. Figure 11 shows the training results, including the cost, training accuracy,
and test accuracy. After training, the cost value was calculated as 0.2806, the training accuracy was
0.8993, and the test accuracy was 0.9083.
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Figure 10. Structure of the deep neural network (DNN) model to classify the weld quality.

Table 5. Summary of DNN model implementation.

Item Description

Structure Input Layer Hidden Layer Output Layer

Number of nodes 8 256 4
Learning rate 0.001

Epoch 1000
Batch size 100

Activation function ReLU
Function of output layer Softmax

Cost function Cross-entropy
Optimizer Adam optimizer

Figure 11. Training results: training accuracy, test accuracy, and cost.

To test the developed model, we produced 100 test datasets, for each class, by carrying out an
additional welding experiment. Figure 12 shows the result of testing the developed DNN model using
400 test datasets, the confusion matrix and prediction result according to weld seam length. In Figure 12,
the vertical and horizontal axes represent the predicted value of the DNN model and the data sequence,
respectively. The four symbols, green, gray, red, and blue, represent the class to which each dataset
belongs. It is seen that most of the errors occurred owing to the false prediction of Y2 as Y1. That is,
22 of the 100 datasets of class 2 (Y2) made false predictions, and among them, the 21 datasets were
predicted as class 1 (Y1). Although Y1 and Y2 are divided into unwelded and incomplete penetration,
respectively, in this study, Y1 and Y2 can be the same case, which is not full penetration. In particular, in
the lap joint configuration of the two same metal sheets, if the penetration depth is less than 50% of
the sum of the thickness of the two sheets, the weld quality is classified Y1. If the penetration depth
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is more than 50% but less than the sum of thickness of the two sheets, the weld quality is classified
Y2. It is considered that this relationship between Y1 and Y2 causes this error. In addition, most errors
occurred at the beginning of welding, which could be due to the relatively unstable spectral signal at
the beginning of welding. In the case of Y4, 9 of the 100 datasets made false predictions. The errors,
which occur, by predicting Y4 as the other classes, might be due to excessively irregular signal of Y4.
In the case of Y3, there is no error in predicting the weld quality because its signal was stable and had
a distinct distribution in the RGB space. In summary, the biggest prediction error was seen to have
occurred in predicting Y2. This error could be explained by the relatively small amount of available
training data needed to increase the prediction accuracy of Y2. That is, it is assumed that there were
insufficient training data that otherwise could have made the quality prediction model more accurate in
classifying Y2 and Y1. As presented in Tables 3 and 4, the range of the welding conditions in which the
data for Y2 can be obtained is smaller than that of other classes, and these welding conditions exist in
the range of laser power of 1500–2000 W. If sufficient training data is obtained through more detailed
experiments in the same range of laser power, the obtained data can reduce the prediction errors by
more clearly learning a prediction model the boundary of Y2 and Y1.

 
(a) 

(b) 

Figure 12. Verification results: (a) confusion matrix; (b) prediction result according to data sequence.

4. Conclusions

In this study, we proposed the DNN-based quality assessment method based on a spectrometer in
the LBW process, conducted the relevant experiments to analyze the features of the measured data, and
verified the developed method. Notable developments and outcomes from this study are as follows.

• We designed and developed a spectrometer that can measure and analyze the light reflected from
the welding area in an LBW process. The spectral response range of the developed spectrometer
was 225–975 nm, and its sampling frequency was 5 kHz.
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• The spectral data were converted to the CIE 1931 RGB color space to analyze the features of the
spectral data and obtain the standardized and simplified spectral data.

• The prediction model that can classify the weld quality for LBW using data measured by the
spectrometer was also developed. The weld quality prediction model was designed based on
DNN, and the DNN model was trained using the converted RGB data and maximum frequency
values. The developed model had a weld quality prediction accuracy of approximately 90%.

The results of this study substantially contribute to the state-of-the-art, regarding the automation of
the welding process and monitoring technology, for LBW processes. Despite our study’s contributions,
some limitations are worth noting. Although our quality prediction model, based on the spectrometer,
effectively estimates the weld quality of laser welding, the application of the model is limited to the
scope of this study. Future work will focus on the generalization of the quality assessment method
proposed in this study. For this purpose, we will collect sufficient data on various materials and
welding conditions, and then further improve the data processing techniques and quality assessment
algorithms using advanced ML algorithms. In parallel, we will also improve our spectrometer and its
software developed in this study.
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Nomenclature

ML Machine learning
LBW Laser beam welding
RSM Response surface methodology
SVM Support vector machine
ANN Artificial neural network
GA Genetic algorithm
SSAE Stacked sparse autoencoder
DNN Deep neural network
CMOS Complementary metal-oxide-semiconductor
DP DP Dual phase
Ar Argon
CIE International commission on illumination
ReLU Rectified linear unit
X1 Average value of red light during per 0.5 mm of weld length
X2 Standard deviation of red light per 0.5 mm of weld length
X3 Average value green light per 0.5 mm of weld length
X4 Standard deviation of green light per 0.5 mm of weld length
X5 Average value blue light per 0.5 mm of weld length
X6 Standard deviation of blue light per 0.5 mm of weld length
X7 Average value of the maximum wavelength per 0.5 mm of weld length
X8 Standard deviation of blue light per 0.5 mm of weld length
Y1 Unwelded (Class 1)
Y2 Incomplete penetration (Class 2)
Y3 Full penetration (Class 3)
Y4 Unwelded by a gap (Class 4)
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Abstract: In friction stir welding (FSW), many defects (such as kissing bond, incomplete penetration,
and weak connection) easily occur at the root of the welded joint. Based on the Levy–Mises yield
criterion of the Zener–Hollomon thermoplastic constitutive equation, a 3D thermal–mechanical
coupled finite element model was established. The material flow behavior and the stress field at
the root area of a 6 mm thick 2024-T3 aluminum alloy FSW joint were studied. The influence of pin
length on the root flaw was investigated, and the formation mechanism of the “S line” defects and
non-penetration defects were revealed. The research results showed that the “S line” defect forms
near the bottom surface of the pin owing to the insufficiently mixed material from the advancing
side (AS) and retreating side (RS) near the weld center. The non-penetration defect forms near the
bottom surface of the workpiece owing to the insufficient driving force to make the material flow
through the weld center. With the continual increase of pin length, the size of the “S line” defect
and non-penetration defect reduces, and finally, the defect-free welded joint can be obtained with
an optimized suitable length of the pin in this case.

Keywords: friction stir welding; welding seam root; metal flow behavior; root flaw; pin length;
Incomplete penetration; weak connection

1. Introduction

Friction stir welding (FSW) is a novel solid phase bonding technique developed by The Welding
Institute (TWI) in 1991 [1]. During welding, heat input generated by the friction heat between the
tool and the workpiece, and the plastic deformation of the welded metal changes the welded metal
into a thermoplastic state. The plastic metal generates plastic flow and forms a closed joint under
the combined action of the pin and the shoulder [2]. FSW is of high quality with a low welding heat
input, no filler metal, no smoke, and no weld splash during the welding process, and it is of a green,
environmentally friendly nature. FSW technology is often used for welding magnesium alloy, aluminum
alloy, and other light alloy materials [3–5]. More importantly, in recent years, FSW technology shows
great advantage in joining dissimilar alloys such as Al–Mg–Si/Al–Zn–Mg alloy [6], Al/NiTi alloy [7],
and Al/Steel [8]. However, FSW involves the changes of temperature, adhesive shear force, and metal
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flow behavior, which is a complex thermal–fluid coupled process. The root of the welded joint often
forms a weak connection or kissing bond of “S” line and non-penetration defects due to insufficient
fluidity of plastic materials and heat input.

The weak-connection defect at the root of the weld has a great influence on the mechanical
properties of the FSW welded joint. Weak connection defects will reduce the plasticity of the joint.
When there is a weak connection defect at the root of the weld, the fracture mode in the tensile test will
be brittle. For well-formed welded joints, the fracture mode is plastic [9–11]. Jolu [12–14] investigated
the effect of root flow on the tensile and fatigue behavior. They found that the root flaw acts as a crack
initiation site during the tensile test, which reduces the yield strength of the welded joint by 40% and
the ultimate tensile strength by 20%. In the fatigue life test, they found that the tilting angle of the
weak connection can influence the fatigue life of the welded joint. When the weak-connection defect is
strongly tilted with respect to the loading direction, the fatigue life of the joint is higher. Zhou [15]
studied the effect of weak connection defects on the fatigue strength of the FSW joint. They found that
when the strain rate is 0.1/s, the fatigue life of intact weld seams is 21 to 43 times longer than that of the
weld seams with weak connection defects at the root, which is owing to the fact that fatigue cracks
can generate from the weak connection line, resulting in a great reduction of the fatigue life of the
weld. Kadlec [16] found that the size of the root flaw significantly affects the fatigue life of the welded
joint. When the size of root flaw is 315 um, it does not affect the fatigue strength of the connection.
However, the 670 um size weak connection defect reduces the fatigue life of the joint to 91% of the
base metal.

Due to the influence of root defects on the mechanical properties of FSW joints, many scholars
began to pay attention to the formation mechanism of root defects and the relationship between the
root defects and process parameters. Sato [10,17] and Okamura [18] studied the weak connection of the
FSW welded joint of aluminum alloy. They found that “S line” defects originated from oxide film on the
butt surface of the workpiece. During the FSW process, broken oxide particles form a black flow trace
originated from the retreating side and extending to the advancing side. “S” shape weak connection
lines distribute continuously in the welding direction, forming a weak bonding surface. Chen [19] used
the numerical simulation method to quantitatively research the bonding behavior of the FSW joint.
The numerical simulation results show that the weak connection defect is caused by the insufficient
fluidity of the plastic material and heat input at the root of the welding seam, which leads to insufficient
bonding pressure at the butt surface of the weld. Luo [20] studied material flow in the FSW process
based on a computational fluid dynamic model; they found that the ratio of rotation speed to welding
speed has an effect on the material flow behavior around the stirring pin, which is related to the defect
formation in the FSW welded joint. Moussawi [21] studied the friction stir welding of DH36 and EH46
steels at different welding speeds and rotation speeds. They found that the high-speed movement
of the stirring pin will result in insufficient fluidity of the weld material and weak connection defect
at the root of the welded joint. Hou [22] and Zhou [23] found that the root flaws occur under high
welding speed and low rotation speed owing to the insufficient heat input and material flow.

To eliminate the root flaw of the FSW welded joints, some scholars adopted the improved FSW
method such as electricity-assisted friction stir welding (EAFSW) [24–26], bobbin tool friction stir
welding (BTFSW) [27–29], and ultrasonic-assisted friction stir welding (UAFSW) [30,31], although the
complex design of the stirring tool or the additional equipment induced by these methods increases
the cost of the FSW process. In traditional FSW, some scholars believe that the root defects are caused
by the improper selection of the pin length. Since the length of the pin has an important influence
on the welding heat input, it also determines the forging behavior and extrusion pressure of the tool
on the plastic material in the welding process [32]. However, if the pin is too long, its length will
exceed the thickness of the base metal, which makes the backing plate adhere to the base material.
If the pin is too short, a non-penetration defect will appear at the bottom surface of the workpiece [33].
Mandache [34] investigated the effect of pin length on the formation of defects at the root of the welding
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seam. They found that with the increase of the pin length, the size of the non-penetration defect
decreases gradually, but the size of the defect of the weak connection fluctuates in a wavy manner.

Weak connection and non-penetration defects at the root of the weld have seriously affected the
quality of the weld, but the existing studies have not revealed the formation mechanism of defects
at the root of the weld from the flow mechanism, and there is no in-depth study on the mechanism
of eliminating defects at the root with the length of tool pin. In this paper, the metal flow behavior
at the root of the weld and the formation mechanism of weak connection defects were studied by
the numerical simulation method, the influence of different tool pin lengths on the plastic metal flow
behavior at the root of the weld was investigated, and the optimized suitable length of the pin with
a non-defects welded joint was identified.

2. Models

2.1. Geometry and Material Model

A 2024-T3 aluminum alloy plate with a length of 120 mm, a width of 35 mm, and a thickness of
6 mm was used for the geometry model. The shoulder diameter of the stirring tool is 16 mm with
concentric ring grooves. The diameter of the top and root of the pin is 6 mm and 3 mm, respectively.
The length of the pin is L, which changes from 5.8 to 6.0 mm. The conical angle θ changes from 14.5◦ to
14◦ with the pin length changing from 5.8 to 6.0 mm. Figure 1 shows the diagram of the workpiece and
the stirring tool with the corresponding size.

Figure 1. Schematic diagram of tool size and welding sample.

The chemical composition of 2024-T3 aluminum alloy is shown in Table 1. The thermal conductivity,
specific heat capacity, thermal expansion coefficient, elastic modulus, Poisson’s ratio, and other physical
parameters of aluminum alloy 2024 are shown in Figure 2.

Table 1. Chemical composition of aluminum alloy 2024.

Chemical Component Si Fe Cu Mn Mg Ni Zn Ti Al

Content/wt % 0.5 0.5 3.8 0.3 1.3 0.1 0.3 0.09 Bal
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(a) (b) 

 
(c) 

Figure 2. Thermophysical properties of aluminum alloy 2024 with temperature change. (a) Density
and thermal expansion coefficient; (b) Young’s modulus and Poisson’s ratio; (c) thermal conduction
coefficient and specific heat capacity [35].

2.2. Heat Generation Model

In the process of FSW, welding heat input includes three parts: (1) friction between the shoulder
and the workpiece; (2) friction between the pin and the workpiece; and (3) plastic deformation of the
material. According to the minimum torque required by the tool to overcome the rotation of friction,
the heat produced by friction on the shoulder, the heat produced by friction on the side of the pin, and
the heat produced by friction on the bottom of the pin can be calculated as:

Qshoulder =
4
3
π2μPN

(
Rs

3 −R2
3
)

(1)

Qpin−side =
4π2NμP

3sinα

(
R3

2 −R3
3

)
(2)

Qpin−bottom =
4
3
π2μPNR3

3 (3)

where Qshoulder, Qpin−side, Qpin−bottom represent heat generation at the shoulder, heat generation at the
side of the pin, and heat generation at the bottom of the pin, respectively. μ is the friction coefficient,
P is the welding pressure, N is the rotating speed, Rs is the shoulder radius, R2 is the root radius of the
pin, R3 is the end radius of the pin, and α is the cone angle of the pin.

In the process of FSW, the material is subjected to severe plastic deformation. Most of the
deformation work of the material is transferred to the surrounding area in the form of heat energy.
This part of the deformation work accounts for about 90% of the deformation work, while the rest
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of the work is used in the plastic deformation of the material. The heat source density generated by
plastic deformation is:

qp = σαp
.
ε (4)

where qp is the heat source density of the plastic deformation of the material, σ is the equivalent stress,

αp is the heat conversion efficiency, which is set as 0.9, and
.
ε is the equivalent strain rate.

Therefore, the heat produced by plastic deformation of metal materials is:

Qv =

∫
v
σαp

.
εdV (5)

where Qv represents the plastic deformation heat production of the material with volume V.

2.3. Material Flow Model

A welding material is defined as a viscoplastic material. The mechanical response of viscoplastic
materials can be defined by the constitutive relationship, hardening law, yield criterion, and flow rule.
This paper has some reasonable assumptions without affecting the research results. First, the welding
stage studied is a steady state—that is, the heat production and material flow reach a stable
state. Second, the plastic softening material is a non-Newtonian, incompressible viscoplastic fluid.
Third, elastic strains are negligible.

2.3.1. Flow Rule

The flow rule defines the change rate of various strain rate components during plastic deformation
of the material, which is expressed in Equation (6):

ε
p
ij = λ

∂g
∂σi j

(6)

where g is a scalar function of the invariants of the deviating stress and is called plastic potential, and
λ is a positive proportionality constant. When g is equal to the yield function f

(
σi j

)
, Equation (6) is the

associated flow rule and can be rewritten as Equation (7) [24]:
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ε
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xy

2τxy
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yz

2τyz
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.
γ

p
zx

2τzx
(7)

where
.
εx can be expressed in Equation (8):

.
εx = {σx − 1

3

(
σx + σy + σz

)
} .
λ. (8)

The
.
εy and

.
εz have similar equations. Similarly, the shear strain rate can be expressed as:

.
εxy =

.
γxy

2
= τxy

.
λ. (9)

The
.
εyz and

.
εzx have similar equations. The scaling factor in Equations (8) and (9) can be derived from

the work-hardening criterion as follows:
.
λ =

3
.
ε

2σ
(10)
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where effective strain rate epsilon
.
ε is:

.
ε =

√
2
3

{ .
εi j

.
εi j

}
. (11)

2.3.2. Constitutive Law

The constitutive law of the material describes the relationship between the flow stress of the
material and the plastic deformation, the strain rate, and the temperature, which can be summarized
by the functional equation:

σ = f
( .
ε, T

)
(12)

where σ is the rheological stress in the plastic deformation process of material;
.
ε is the strain rate;

and T is the deformation temperature. Rheological stress can be calculated by the Zener–Hollomon
formula. The specific expression is:

σ
(
T,

.
ε
)
= σp sin h−1

⎡⎢⎢⎢⎢⎣
(Z

A

) 1
n
⎤⎥⎥⎥⎥⎦ (13)

where, A, σp, and n are the material parameters, and Z is the Zener–Hollomon parameter. The specific
expression is:

Z =
.
εexp

( Q
RT

)
(14)

where Q is the activation energy independent of temperature and R is the gas constant. The specific
parameters are shown in Table 2.

Table 2. 2024 aluminum alloy material parameters [36].

Parameter Value

A 2.29 × 1011 s−1

n 5.46
Q 178.0 kJ/mol
σp 47.7 MPa
R 8.314 J/mol·K

2.4. Boundary Conditions

2.4.1. Thermal Boundary Condition

The initial temperature of the workpiece, the tool, and the environment is defined as 25 ◦C.
During the welding process, the heat transfer between the workpiece, tool, and the environment
includes convection and radiation heat transfer, as shown in Equation (15). This heat transfer mode is
defined on all surfaces except the root and butt surfaces of the workpiece. The heat transfer between
the workpiece and the tool is defined as convective heat transfer, as shown in Equation (16). The heat
transfer between the workpiece and the bottom plate is also defined as convection, as shown in
Equation (17).

Qwa = σbεb
(
T4

w − T4
a

)
+ ha(Tw − Ta) (15)

Qwt = Kwt
∂T
∂z

= hwt(Tw − Tt) (16)

Qwb = Kwb
∂T
∂z

= hwb(Tw − Tb) (17)
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2.4.2. Mechanical Boundary Condition

All degrees of freedom of the workpiece are constrained to prevent rigid displacement and rotation
of the workpiece during welding. Therefore, the velocity in the z direction of the bottom surface of
the workpiece is defined to be 0. The velocity in x and y directions on the side of the workpiece is 0.
The tool is defined to rotate around the z-axis in the positive direction—that is, counter-clockwise.
When the welding is at the plunging stage, the speed of the tool is along the z-axis. The speed of the
tool is in the x-direction during welding.

2.5. FEM Computational Mesh

In the process of FSW, large plastic deformation occurs in the welding area, and the welding
temperature field and stress and strain field change violently. In order to truly simulate the stirring
action of the workpiece material in the welding process and visualize the plastic flow behavior of
the material, the grid size of the welding seam area must be small enough. However, in the whole
welding process, the welding parts are larger, and if the whole workpiece meshes with the same
grid size, the calculation will be very large, which will seriously reduce the simulation efficiency.
Therefore, in this model, the workpiece grid is divided into two types of grid: free quadrilateral grids
used for welding plates, and free triangular grids used for the area around the stirring tool. In order to
further reduce the calculation amount while ensuring the calculation accuracy, only the grid around
the stirring tool is refined. In local grid refinement, through the absolute size control grid refinement of
the grid size, the minimum grid size is set to 0.004 mm, and the largest size is set to 1.4 mm, so the
accuracy of the grid is sufficient to reflect the plastic flow behavior of materials, the temperature field,
and stress–strain field of the weld area. The grid size of the remaining area of the workpiece is set to
2.4 mm to improve computing efficiency. In this paper, the effect of the back plate on the workpiece is
considered through mechanical and thermal boundary conditions, so the backing plate is not meshed
to improve computing efficiency. The mesh partitioning of the model is shown in Figure 3.

 
Figure 3. Mesh of the simulation domain.

2.6. Model Validation

To verify the established FSW model, a validation simulation was conducted according to the
previous experiment [33]. In the validation simulation, the size of workpiece, technological parameters,
and material are the same as those in the referenced experiment. The accuracy of the established FSW
model was studied by comparing with the actual heat cycle curve of the measurement points located
8 mm from the weld center under different welding speeds. Figure 4 shows the heat cycle curve of
experiment and simulation. By comparing the results between simulation and experiment, it can be
seen that the heat cycle curves obtained by this model are basically consistent with those obtained by
the actual welding test. Therefore, this model is accurate and feasible.

265



Metals 2020, 10, 913

Figure 4. Comparison results of thermal cycling curves at different welding speeds obtained by
simulation and experiment.

3. Results and Discussions

3.1. Analysis of Fluidity at the Bottom of the Pin

3.1.1. Velocity Distribution

Figure 5 shows the “S line” and non-penetration defect formed at the root of the weld due to
insufficient plastic material flow. The material at the root of the weld can be divided into two different
zones according to the flow behavior. As can be seen from Figure 5, at Zone I, the materials flow
parallel to the bottom of the pin, and the materials on the advancing side (AS) and retreating side (RS)
flow in the opposite direction and mix on the RS side. However, materials on both sides fail to be fully
mixed, resulting in the appearance of a weak connection “S line” at the root of the weld. As for Zone II,
near the weld center, all materials flow in the same direction (RS→AS), while almost all materials
stop at the weld center, leading to the “vertical line” shape defect, i.e., non-penetration defect. In fact,
the area under the pin bottom is called SWZ (the Swirl Zone) in Zeng’s work [37], which refers to
Zone I + Zone II in this paper. In their experimental research of the root flaws in a 6 mm 2014Al-T6
FSW joint under a pin length of 5.73 mm, the “S line” defects appear at the weld root and extend to the
stirring zone under a wide range of process parameters. The shape of the “S line” defects obtained in
this paper in Figure 5 is similar with that observed in Figure 3 of Zeng’s work. A similar root flaw
was also observed in a 6 mm DH36 steel FSW joint under a pin length of 5.7 mm in Al-Moussawi’s
work [21].

Figure 5. Simulation result of the plastic flow at the root of the weld.
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To explore the fluidity of plastic metal at the root of the FSW joint, the velocity distribution of the
plastic material in Figure 5 was measured under different depths (0.05, 0.1, and 0.15 mm under the pin).
Figure 6a–c shows the measurement results for the velocity distribution in the x, y, and z-directions,
respectively. The horizontal axis represents the distance to the center of the weld, in which the positive
axis is AS, the negative axis is RS, and the vertical axis represents the partial velocity.

  
(a) (b) 

 
(c) 

Figure 6. Speed curves of different distances from the bottom of the pin (1000 rpm, 120 mm/min, 5.8 mm
pin length). (a) Velocity in the x-direction; (b) velocity in the y-direction; (c) velocity in the z-direction.

In Figure 6a, it can be seen from the figure that the velocity of the plastic metal in the x-direction
takes the center of the weld (y = 0) as the boundary line, advancing side (AS) plastic metal flows in the
welding direction (v < 0), and retreating side (RS) plastic metal flows in the opposite direction of the
welding (v > 0). The closer it is to the end face of the pin (0.05 mm), the better the fluidity of the plastic
metal in the x-direction and the faster the flow speed.

As can be seen in Figure 6b, near 0.25 mm from the weld center on the RS side, the transverse flow
velocity at different depths is close to 0, indicating that the plastic flow in this area is poor. As a result,
weak connection defects can easily form near the center line of the weld due to insufficient material
fluidity. However, at the middle position between the end of the pin and the bottom of the workpiece
(0.1 mm), the fluidity is relatively good. AS and RS plastic metal move in the opposite direction toward
the center of the weld line and meet at RS (x = −0.25).

In addition, the maximum velocity of the plastic metal at the root of the weld is only 0.45 mm/s
in the depth direction (z direction), as shown in Figure 6c. Therefore, the plastic metal at the root of
the weld basically has almost no flow in the depth direction. It can also be found that the velocity
distribution in Zone II is always the smallest in three directions compared with zone I, indicating the
poorer fluidity of material in Zone II.
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3.1.2. Driving Force Distribution

At the bottom of the pin, the pressure between the plastic metal is an important driving force
for the flow of the plastic metal. Furthermore, the shear action of the tool against the plastic metal is
also one of the driving forces for the flow of the plastic material. Therefore, the combined effect of
pressure and shear stress on the plastic material directly affects the fluidity of the material. In order to
investigate the distribution of the pressure and shear stress, a series of measurement points were set at
the bottom of the pin, as shown in Figure 7. In Figure 7, the distance from the end face of the pin is
0.02 mm, 0.05 mm, 0.08 mm, 0.1 mm, 0.12 mm, 0.15 mm, and 0.18 mm, respectively.

Figure 7. Distribution of test points at the root of the weld.

Figure 8a shows the distribution of pressure at the root of the weld. In Figure 8, as the depth
increases, the pressure reduces. Furthermore, there is a low-pressure zone near the center line on the RS
side, and the lowest pressure is reached at y = −0.5. The uneven distribution of pressure near the center
line causes the plastic metal to flow from both sides of AS and RS to the center of the weld, which is
consistent with the velocity distribution in Figure 5. However, at the low-pressure zone, the pressure is
not enough to fully mix the material from both sides of AS and RS, leading to the weak connection.

Figure 8b shows the distribution of shear stress at the root of the weld. In Figure 8b, near the weld
center line (y = 0), it can be found that the shear stress is close to 0 when the distance from the bottom
surface of the pin is too short (0.02–0.05 mm) or too long (0.15–0.18 mm). However, when the distance
is moderate (0.08–0.12 mm), the shear stress reaches a relatively high level. Therefore, plastic metal
near the bottom surface of the pin and the bottom surface of the workpiece has poor fluidity, while
the plastic metal between these has strong fluidity. According to Figure 5, it can be found that the
location of the left-leaning line of the “S line” is at the depth of 0.08–0.12 mm, and this is consistent
with the depth range of the high shear stress, which indicates that the formation of the left-leaning
line is related to the change of the shear stress. In Figure 8c, it can also be found that the difference of
shear stress between y = −0.5 and y = 0 is smaller when the depth is in the range of 0.08–0.12 mm.
Furthermore, combined with Figure 8a,b and Figure 5, it can be found that at the Zone II (h > 0.15 mm),
the pressure and shear stress are relatively lower than that at Zone I, which is consistent with the
velocity distribution at Zone II, as shown in Figure 5.
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(a) (b) 

 
(c) 

Figure 8. Distribution of the driving force at a different distances from the end face of the pin (1000 rpm,
120 mm/min). (a) Pressure distribution; (b) shear stress distribution; (c) partial enlargement of (b).

3.2. Effect of Pin Length on the Formation of Root Flaw

3.2.1. Effect of Pin Length on the Material Flow

In order to solve the defects of a weak connection and non-penetration at the root of FSW joints of
aluminum alloy, the relationship between welding allowance and root flaws was investigated. Figure 9
shows the velocity distribution under a pin length of 5.8, 5.85, 5.9, 5.95, and 6.0 mm, respectively.
Figure 10 shows the velocity distribution in the y-direction at the half depth between the bottom
surface of the pin and the bottom surface of the workpiece.

When the length of the pin is 5.8 mm or 5.85 mm, the “S line” defect appears at the root of the
FSW weld seam, as shown in Figure 9a,b. As the pin length increases to 5.9 mm, the “S line” shape
defect changes to the “right-tilting line” shape defect (Figure 9c), and finally the “S line” defect is
eliminated when the pin length is 5.95 mm (Figure 9d). In Figure 10, as the pin length increases from
5.8 to 5.95 mm, the velocity difference between RS and AS near the weld center (Figure 10 mark I, II)
becomes larger, which indicates a larger driving force, leading to the material being more fully mixed
near the weld center.
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Figure 9. Effect of pin length on plastic metal flow at the root of the weld (1000 rpm, 120 mm/min).
(a) 5.8 mm; (b)5.85 mm; (c) 5.9 mm; (d) 5.95 mm; (e) 6.0 mm.
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Figure 10. Velocity distribution in the y-direction in Figure 5 (1000 rpm, 120 mm/min, 5.8 mm pin length).

It should be noted that the material flow formation near the weld center changes when the pin
length increases. When the pin length increases from 5.8 to 5.85 mm, near the weld center, the material
flow direction changes from RS→AS to AS→RS under the “S line”, which causes more material transfer
from AS to RS, and the “S line” further extends to the RS side. When the pin length increases to 5.9 mm,
the “S line” changes to the “right-tilting line”, because the material on the right side of “left-tilting line”
all flows to the RS side. Finally, the material on the right side of the “right-tilting line” all flows to the
RS side, and the defect-free welded joint is obtained when the pin length is 5.95 mm.

On the other hand, the material flow form on the margin of the pin also significantly changes
when the pin length increases. As the pin length increases from 5.85 to 5.9 mm, the material flow on
the left margin of the pin changes from vortex flow (marked red circle in Figure 9b) into the transverse
flow (marked red circle in Figure 9c), and the flow direction changes from left to right, which can
also be observed in Figure 10 mark III. It can also be found that the material flow form on the right
margin of the pin remains in transverse flow when the pin length increases, while the velocity increases
significantly as shown on the mark IV in Figure 10.

When the pin length is equal to the thickness of the workpiece, there is no welding allowance,
and the welding plate does not exist in weak connections and non-penetration defects; as can be seen
from Figure 9e, the plastic materials on both sides flow to the root of the weld. In this case, the pin
directly contacts with the backing plate, which is easy to weld the workpiece together with the working
table, and the bottom of the welding plate is poorly formed. Therefore, zero welding allowance is not
recommended in practical production.

When the pin length is 5.9 mm, there is still a weak connection and non-penetration defects
at the root of the weld. Therefore, the plastic metal flow behavior near the root of the weld center
was investigated in detail when the pin length was 5.91–5.95 mm, as shown in Figure 11. When the
pin length increases from 5.91 to 5.93 mm, the “S line” defects (red dashed line in the Figure 11)
and non-penetration defects still exist. It should be noted that with the increase of the pin length,
the width of the “S line” and the angle between the tangent line of the “S line” and the bottom
surface of pin gradually reduces, as shown in Figure 11a–c, which may be attributed to the increased
shear stress (see the Section 3.2.3) and speed difference between the RS and AS sides near the weld
center (Figure 12 mark I, II). When the pin length increases to 5.94 mm (Figure 11d), the plastic metal
flows through the center line under the end surface of the pin, which eliminates the “S line” defect.
However, the fluidity near the bottom surface of the weld is still insufficient, so that the non-penetration
defect still exists. The non-penetration defect is finally eliminated when the pin length is increased to
5.95 mm (Figure 11e).
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Figure 11. Influence of root welding allowance on plastic metal flow behavior at the root of the welding
seam (1000 rpm, 120 mm/min). (a) 0.09 mm; (b) 0.08 mm; (c) 0.07 mm; (d) 0.06 mm; (e) 0.05 mm.

3.2.2. Effect of Pin Length on the Heat Input

Figure 13 shows the temperature of the top and bottom surface of the weld under different pin
lengths. It is obvious from the figure that the welding heat input is basically unchanged when the pin
length changes in a small range (0.2 mm). Therefore, the temperature of the plastic metal at the root of
the weld is basically unchanged when welding with different lengths of the pin.

We continually increased the length of the pin by a step of 0.01 mm and studied the plastic metal
flow at the bottom of the weld with the length of the pin at 5.96 mm, 5.97 mm, 5.98 mm, and 5.99 mm.
Figure 14 shows the temperature field distribution of the weld cross-section when the pin length
exceeds 5.95 mm. As can be seen from the Figure 14, when the pin length is 5.95 mm, the highest
temperature of the weld (423 ◦C) appears on the upper surface of the weld, as shown in Figure 14a.
However, when the pin length is greater than 5.95 mm, the maximum temperature of the weld appears
at the center of the bottom of the weld. When the pin length increases from 5.96 mm to 5.99 mm,
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the maximum temperature increases from 439 to 481 ◦C, as shown in Figure 14b–e [38]. As aluminum
alloy is a low-melting alloy, if the weld temperature is too high, the recrystallization of the weld
will be coarsened. According to the Hall–Petch principle, the coarsening of the weld will reduce the
joint strength.

Figure 12. Flow velocity curves of plastic metal at the root of joint with different pin lengths (1000 rpm,
120 mm/min). (a) 0.05 mm per step from 5.8 mm to 5.95 mm; (b) 0.01 mm per step from 5.91 mm to
5.95 mm.

 
Figure 13. Influence of pin length on temperature field of the top and bottom surface of the weld
(1000 rpm, 120 mm/min).

Although the temperature at the bottom of the weld increases with the increase of the length
of the pin, when the length of the pin exceeds 5.95 mm, the flow velocity of the plastic metal at the
bottom of the weld does not increase accordingly, as shown in Figure 15 (within the two black dashed
lines). At the center of the weld, the flow rate of the plastic metal is basically the same, about 5 mm/s.
Therefore, when the length of the pin exceeds 5.95 mm, further increasing the length of the pin will not
improve the flow capacity of the plastic metal at the bottom of the joint, but it will sharply increase
the temperature at the bottom of the weld, leading to the coarsening of the recrystallization tissue
and the reduction of the joint strength. On the other hand, if the pin is too long, it will pass through
the whole thickness of the workpieces and directly contact with the hard backing plate or the FSW
machine substrate. In the friction stir welding process, the two will produce intense friction and wear,
resulting in the rapid damage of the pin and the FSW machine substrate. At the same time, the pin
itself also changes significantly in length, shape, and structure due to rapid friction and wear, and the
stable FSW welding process becomes difficult to control, which leads to the deterioration of welding
forming and affects the quality of welded joints greatly. Therefore, for 6 mm thick 2024 aluminum

273



Metals 2020, 10, 913

alloy, a 5.95 mm pin is most suitable for welding, which can eliminate the “S line” and non-penetration
defects at the bottom of the welding seam.

Figure 14. Temperature field of weld cross-section at different lengths of pin (1000 rpm, 120 mm/min,
6 mm thick workpiece) (a) 5.95 mm; (b) 5.96 mm; (c) 5.97 mm; (d) 5.98 mm; (e) 5.99 mm.

 
Figure 15. Distribution curve of flow velocity of plastic metal at the bottom of weld seams with different
lengths of pin (1000 rpm, 120 mm/min).

In fact, studying the different pin lengths is not only necessary for the engineering design and use
of the stirring pin; more importantly, the pin length itself is varied in the actual FSW process owing to
the wear of the stirring pin. Hence, the material flow behavior under the pin bottom is also influenced
by the change of pin length. Therefore, studying the different pin lengths is to consider the inevitable
wear of the stirring pin in the actual FSW process and its effect on the formation of the FSW joint,
which is of great significance. The issues related to the wear of the stirring pin will be discussed in our
research work and papers in the future.

3.2.3. Effect of Pin Length on Stress Field

Although slight adjustment of the length of the pin can increase the temperature of the weld
root, it has little effect on the improvement of material fluidity near the weld center, as outlined in
Section 3.2.2. However, the shear action of stirring on plasticized metal will change as the length of the
pin increases, as shown in Figure 16. At the root of the weld, the shear stress near the center of the weld
is the lowest, which indicates that the plastic metal flow in this area is the weakest. When the length of
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the pin is increased from 5.91 mm to 5.95 mm with 0.01 mm per step, the shear effect of stirring on the
plastic metal at the root of the weld would be gradually strengthened. Therefore, the fluidity of the
plastic metal at the root of the weld also increases, which results in the gradual improvement of the
forming quality at the root of the weld. When the length of the pin was 5.95 mm, a weld without root
defects could be obtained.

 

 

 

 

Figure 16. Distribution of shear stress at the root of the joint at different pin lengths (1000 rpm,
120 mm/min). (a) 5.91 mm; (b) 5.92 mm; (c) 5.93 mm; (d) 5.94 mm; (e) 5.95 mm.

It should be noted that there is a sharp transition of the shear stress near the bottom surface
of the workpiece, as shown by the black dash line in Figure 16. The sharp transition of the shear
stress illustrates that the material flow behavior in zones I and II (marked in Figure 16a) is different.
In fact, this can be explained by the difference of the constraint condition and the driving force of
the material in zones I and II. In zone I, the material is constrained by the bottom surface of the
pin and the material in zone II. The material flow in zone I is driven by the rotation of the bottom
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surface of the pin, and the pressure and shear stress are all higher in zone I according to Figure 8a,b.
Meanwhile, in zone II, the material is constrained by the bottom surface of the workpiece and the
material in zone I. The material flow in zone II is driven by the material flow in zone I, and the pressure
and shear stress are lower than that in zone I according to Figure 8a,b, resulting in a slower velocity in
zone II, which is consistent with the velocity distribution in Figure 6b. Therefore, non-penetration
defects easily generate near the weld center in zone II due to the poorest fluidity and no material
mixing in this area. With the increase of the pin length, the thickness of the zone II reduces, and it is
close to 0 near the weld center when the pin length increases to 5.95 mm, so that the non-penetration
defect is eliminated.

Figure 17 shows the distribution curve of shear stress at the half depth between the bottom surface
of the pin and the bottom surface of the workpiece under different pin lengths. In Figure 17a, when the
pin length increases from 5.8 to 5.95 mm with 0.05 mm per step (Figure 17a), the shear stress on the RS
side near the weld center (−0.5 < y < 0) significantly increases, which makes the material mixed more
fully in this area where the “S line” defect appears. A similar trend can be observed as the pin length
increases from 5.9 to 5.95 mm with 0.01 mm per step, as shown in Figure 17b. As the length of the
pin changes, it should be some relationship between the increasing shear stress (Figure 17b) and the
morphotype of the “S line” shown in Figure 11a–c. That is to say, in Figure 17b, as the shear stress
gradually increases with the increase of pin length, the width and the tilting angle of “S line” gradually
reduces according to Figure 11a–c, which also indicates that the shear stress plays a dominant role in
eliminating the “S line” defect.

 
Figure 17. Distribution curves of shear stress at the root of joint with different pin lengths (1000 rpm,
120 mm/min). (a) 0.05 mm per step from 5.8 to 5.95 mm; (b) 0.01 mm per step from 5.91 to 5.95 mm.

External cooling was applied to the bottom of the workpiece to reduce the bottom temperature of
the weld and explore the plastic metal flow behavior at the bottom of the weld at different temperatures.
In order to change the temperature of the plastic metal at the bottom of the weld, five groups of
simulations were carried out to cool the weld floor. The temperature change curve of the bottom of the
weld is given in Figure 18. At the welding parameters of 1000 rpm and 120 mm/min, the temperature
at the bottom of the weld gradually decreased from 377 to 302 ◦C, and the plastic metal flow behavior
at the bottom of the weld was observed. The flow behavior of plastic metal at the bottom of the weld
is shown in Figure 19. When the temperature at the bottom of the weld changes, the fluidity of the
plastic metal in the weld basically does not change. Near the center of the pin bottom, plastic metal has
little flow. With the increase of the distance to the end face of the pin bottom, the flow of plastic metal
gradually increases. RS and AS plastic metal flow in the opposite direction and finally meet at the RS
near the weld center. At the bottom of the weld, plastic metal flows from RS to AS, and the plastic
metal flow basically stops near the center of the weld. Based on the above flow behavior, the plastic
metal at the bottom of the weld will eventually form the “S line” weak connection defect and lack
penetration at the center of the bottom of the weld.
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Figure 18. Weld bottom temperature curve.

Figure 19. Cont.
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Figure 19. Flow behavior of plastic metal at different temperatures (a) No. 1; (b) No. 2; (c) No. 3; (d)
No. 4; (e) No. 5.

The flow behavior at the bottom of the weld is due to the lack of shear stress on the plastic metal
by agitation. The distribution of shear stress at the bottom of the weld is illustrated in Figure 20.
When the temperature at the bottom of weld decreases gradually, the shear stress of the plastic metal at
the bottom of weld seam increases gradually. In the position of the weld center, the shear stress is the
smallest—that is, plastic metal at the bottom of the weld is the weakest. When the temperature at the
bottom of the weld decreases, the viscosity of the plastic metal increases, and the critical driving force
required for its flow increases. Therefore, when the temperature at the bottom of the weld decreases,
although the shear effect of agitation on the plastic metal at the bottom is enhanced, the flow of the
plastic metal is not improved.

Figure 20. Cont.
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Figure 20. Distribution of shear stress at the root of the joint at different temperatures. (a) No. 1; (b)
No. 2; (c) No. 3; (d) No. 4; (e) No. 5.

4. Conclusions

In this paper, material flow behavior at the root of the FSW weld is studied through an established
3D thermal–mechanical coupled FSW model. The results are as follows:

(1) The material at the root of the FSW welding seam can be divided into two different zones according
to flow behavior. The material near the bottom surface of the pin is zone I, where material from
AS and RS flow in opposite directions and mix on the RS side near the weld center. The material
near the bottom surface of the workpiece is zone II, where the material flows in the same direction
near the weld center.

(2) Owing to the low pressure and shear stress at the weld center, the fluidity of the material is low in
the central area of zones I and II. The “S line” defect will appear at the RS side of zone I when the
material is not fully mixed owing to low fluidity. Furthermore, the non-penetration defect will
appear at the center of zone II when the material in zone II cannot flow through the weld center.

(3) With the increase of the pin length, the material flow behavior changes significantly on the margin
of the pin of the RS side, and the shape of the “s line” defect also changes to the “right-tilting line”
shape. If the pin length further increases, the tilting angle of the “right-tilting line” reduces, and the
sizes of the “s line” defect and non-penetration decrease. The “s line” defect and non-penetration
defect are finally eliminated when the pin length increases to a certain extend.

(4) In this paper, the optimal pin length is 5.95 mm under a 6 mm butt FSW welded joint of aluminum
alloy, which is determined from two aspects. On the one hand, if the pin length is shorter than
5.95 mm, the thickness of zone II is not negligible, which will result in the insufficient fluidity
of the material near the bottom surface of workpiece so that non-penetration defect is prone to
occur. On the other hand, if the pin length is longer than 5.95 mm, the temperature at the root of
the weld will increase to a relatively high level, which will coarsen the recrystallization tissue and
degrade the mechanical properties of the FSW joint or even make an intense wear of stirring pin,
reducing the stability of FSW process.
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Abstract: The hot wire plasma arc welding process, a hybrid process between the plasma arc welding
(PAW) process and hot wire process, is used to weld 316 stainless steel sheets, in which the temperature
generated during welding is recorded in real time with a high-speed infrared thermography camera.
Therefore, this research studies the factors in the hot wire process, of which there are two: (1) wire feed
rate and (2) wire current; this study investigated the tensile strength, microhardness, and relationship
of cooling rate per tensile strength and microhardness. The study found that the hot wire current
plays an important role in cooling rates and tensile strength. The temperature results from high-speed
infrared thermography camera show that the maximum welding temperature is around 1300 ◦C.
The weld pool has a temperature between 900 and 1300 ◦C and the temperature profile of the weld
pool will look like an “M” shaped, which is caused by the hot wire process. Finally, the appropriate
hot wire parameters are 1.5 m/min for wire feed rate and 40A for wire current, which will give the
workpiece cooling rate of 800–500 ◦C as 13.42 ◦C/s, tensile strength of 610.95 MPa, and the average
Vickers microhardness of 195 HV.

Keywords: real time; infrared thermography; camera; tensile strength; microhardness; plasma arc
welding; hot wire

1. Introduction

Hot wire plasma arc welding is relatively a new welding process, a hybrid process between the
plasma arc welding (PAW) process and the hot wire process. The hot wire process can be used as a
hybrid with other welding processes such as gas tungsten arc welding (GTAW) process or laser welding
process [1–3]. The basic principle of the hot wire process is to heat the consumable filler wire by a
separate power source until close to the melting point and feed to the weld pool [4]. There are many
advantages over the cold wire process, mainly high deposition rates [5,6], which will assist to increase
welding speed and productivity. The work of [7] has been conducted to study mechanical properties
to compare the results between the use of hot wire and cold wire of GTAW. The results showed that
the mechanical properties obtained were not significantly different between the use of hot wire and
cold wire. In general, hot wire process parameters (such as wire current, wire feed rate, wire feed
angle, wire size, wire contact length, gas shield) have a significant effect on the quality of the obtained
workpiece [8–10]. The selection of inappropriate parameters can result in weld defects [11]. Therefore,
choosing the appropriate parameters will increase the mechanical properties and achieve quality
welding workpieces. The optimization of hot wire laser welding parameters has been studied [12]
based on ensemble metamodels and non-dominated sorting genetic algorithm. This research studied
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the three parameters, that is, laser power, welding speed, and hot wire current. The results showed
that the optimal process parameters gave results consistent with the experiment. Although research
articles related to the hot wire process are available [13–15], research on hot wire plasma arc welding is
limited. Therefore, the study of the basic parameters of the hot wire process is interesting to obtain
good mechanical properties of the welding workpiece. Recently, cameras have been widely used to
study the real-time welding process [16–18], which are non-contact measure and give results with high
accuracy and precision. The information obtained from the camera gives insight into various forms of
weld results such as temperature, geometric shape, and defects. The temperature data recorded from
the camera can be used to calculate the cooling rates that occur in the range of 800–500 ◦C, which is a
material phase transformation that affects the microstructure and mechanical properties. The effects
of cooling rate in a super duplex stainless steel on pulsed GTAW welding have been studied [19]
using three process parameters (heat input, wire feed rate, wire feed technique). The results found
that the heat input plays an important role in the cooling rate, which affects microstructure in the
heat-affected zone (HAZ) and weld zone. From the literature review [20–22], we found that the main
factors affecting the cooling rate were heat input, type of material, and the thickness of the material.

This paper presents the hot wire plasma arc welding process using a high-speed infrared
thermography camera to measure the temperature in real time. The resulting temperature profile
allows to calculate the cooling rate of the workpiece, which will obtain the relationship between
the cooling rate and the mechanical properties (tensile strength, microhardness). Furthermore,
the appropriate parameters for the hot wire plasma arc welding process are obtained that allow the
welding workpiece to have tensile strength and microhardness within the specified standards.

2. Materials and Methods

The material used in this research is a stainless steel sheet in accordance with AISI 316 (equivalent
to DIN 1.4401 and JIS SUS 316), which has a chemical composition measured from the machine
brand, Thermo Scientific, model: ARL 3460 Metals Analyzer by optical emission spectrometry (OES)
compared with the standard chemical composition [23] and the mechanical property values as in
Tables 1 and 2, respectively.

Table 1. Chemical composition of AISI 316 by optical emission spectrometry.

Elements Standard (% w/w) Measured (% w/w)

C (Max) 0.08 0.019
Cr 16–18 15.697
Fe 61.8–72 70.354

Mn (Max) 2.0 1.377
Mo 2.0–3.0 2.140
Ni 10–14 10.039

P (Max) 0.045 0.029
Si (Max) 1.0 0.341
S (Max) 0.03 0.004

Table 2. The mechanical property of AISI 316.

Mechanical Properties Standard Value Measured Value

Hardness, Vickers 146 HV 197.96 HV
Ultimate Tension Strength 580 MPa 598.52 MPa

Yield Strength 290 MPa 360.76 MPa
Elongation at Break 30–50% 35.36%

Modulus of Elasticity 193 GPa 198.42 GPa

The workpiece used was 100 mm in width, 150 mm in length, and 3 mm in thickness using two
sheets per experiment and using a closed square butt joint. The workpiece will be clamped by jigs
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to prepare for hot wire plasma arc welding by machine brand, Cebora, model: EVO 450T (Bologna,
Italy), which is used as the current source. The plasma welding controller from the machine brand,
Cebora, model: digital Console PW30 (Bologna, Italy), was employed, which is used for controlling
various parameters for plasma welding. The hot wire machine used the brand, MAC, model: Power
Assist IV-642 (Osaka, Japan), with a wire feed system to the welding torch, which is attached to the
ABB robotic arm, model: IRB4400 (Västerås, Sweden) used for controlling the hot wire plasma arc
welding path, as shown in Figure 1. The hot wire plasma arc welding parameters used in this research
are shown in Table 3. The welding process starts from the right-hand side of the workpiece and ends at
the left-hand side. Here, the plasma torch was at the front, while the hot wire was feed behind the
plasma welding torch, with a total welding distance of 130 mm.

 

Figure 1. The hot wire plasma arc welding system.

For real-time temperature measurement during hot wire plasma arc welding, the high-speed
infrared thermography camera brand, Infratec, model: ImageIR 8300 (Dresden, Germany), was used,
with a temperature measurement accuracy of ±1%. The principle of temperature measurement was
that all objects with temperatures above zero kelvin (−273.15 ◦C) emit infrared radiation that is
invisible to the human eye. The camera with an Indium antimonide (InSb) sensor will measure the
mediumwave infrared (MWIR) radiation, wavelength between 2 and 5 μm. The conversion of infrared
radiation detected by sensors into temperature units, based on Planck’s law and Stefan–Boltzmann’s
law according to the behavior of infrared pyrometer. Infrared emission of the object to be measured may
be more or less depending on the wavelength. The parameters such as material composition, surface
roughness, and measurement angle have some influence on wavelength [24]. Thus, the installation
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of the camera must control the environment to be constant throughout the experiment to not affect
the results. This camera is equipped with an ImageIR® standard lens with a focal length of 25 mm
and a motorized filter wheel with spectral filters. This camera will be installed at a distance of 80 cm
from the welding workpiece. The camera mounting point will be on the side of the workpiece so that
the temperature can be seen throughout the welding length, as shown in Figure 2. This research sets
the camera to record the temperature every 0.5 s (f = 2 Hz), using the recording time of 240 s. Using
a high-speed infrared thermography camera will make it possible to be aware of the temperature
occurring throughout the welding process, and to know the temperature in every position such as
weldment position, HAZ, and base material, including the temperature that occurs on hot wire feed to
the weld pool, from the beginning to the cooling rate after the welding is done. Although the plasma
light is brighter, the infrared radiation is always emitted, which passes through the spectral filters into
the camera’s sensor. This camera uses an Indium antimonide (InSb) sensor that is narrow-gap sensitive
at wavelengths between 2 and 5 μm. Therefore, other wavelengths will not affect the measurement of
the temperature.

Table 3. Parameters for hot wire plasma arc welding.

Parameters Value

Current of arc 120 A
Current of pilot arc 20 A
Flow of gas plasma 0.5 L/min
Flow of gas shield 20 L/min

Plasma and shield gas Argon
Nozzle tip diameter 2.5 mm

Torch angle 90 degree
Arc distance 6 mm

Welding speed 180 mm/min
Wire diameter 1.2 mm

Wire type 316 LSi
Wire feed angle 40 degree

Room temperature 24 ◦C

 

Figure 2. Installed high-speed infrared thermography camera.

The cooling rate at the temperature range 800–500 ◦C will be studied because the temperature
range is the material phase transformation, which has a significant impact on the properties of the
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workpiece. The formula for calculating the cooling rate range 800–500 ◦C is calculated from a simple
equation as shown in Equation (1):

Cooling rate800−500◦C =
ΔTemp800−500◦C
Δtime800−500◦C

(1)

where ΔTemp800−500◦C = the temperature difference at 800 ◦C and 500 ◦C, Δtime800−500◦C = the time
difference at 800 ◦C and 500 ◦C.

Each workpiece uses three positions to measure the resulting temperature, as shown in Figure 3.
Here, position 1 (P1) is the center of the weldment; position 2 (P2) is at a distance of 5 mm away from
the center of the weldment, which is the area of the HAZ; and position 3 (P3) is at a distance of 10 mm
from the center of the weldment, which is the base material. Besides, the temperature of the hot wire at
a height of 7.5 mm from the workpiece surface is measured.

Figure 3. Position for measuring temperature.

Once the installation of the hot wire plasma arc welding system is finished, the next step will
be to design the experiment, in which this research will use the design of a full factorial experiment.
The factors used in this study will be the factors of the hot wire process, which has two factors, wire feed
rate and wire current, where each factor is assigned to have two levels caused by the trial and error of
the preliminary study, whereby such parameters and ranges do not cause defect workpieces and obtain
complete welds, such as no sputtering during welding, good penetration, no cracking of welds, uniform
hot wire during welding, and the experimental design table, as shown in Tables 4 and 5, respectively.

Table 4. Determining the level of factors used in the experiment.

Factors Symbol Unit Low Level High Level

Wire feed rate A m/min 1.5 1.7
Wire current B A 30 40
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Table 5. Full factorial experimental design table.

Run Order
A

(Wire Feed Rate)
(m/min)

B
(Wire Current)

(A)

1 1.7 40
2 1.7 30
3 1.5 40
4 1.5 30

When the hot wire plasma arc welding process is finished according to the experimental design.
The workpieces in each experiment are divided into three parts, as shown in Figure 4. The parts
number 1 and number 3 of each welded workpiece will be tested for ultimate tensile strength in
accordance with ASTM-E8 to find the average ultimate tensile strength value and the dimension of the
tensile test workpiece, as shown in Figure 5. Tensile testing uses the machine brand, Instron, model:
8801 (Norwood, MA, USA), equipped with a strain gauge to find an elongation at break.

Figure 4. Separation of welded workpieces.

Figure 5. The dimension of the test workpiece in accordance with ASTM-E8.

Part number 2 of each welded workpiece after going through the grinding and polishing processes
will be tested for Vickers microhardness by machine brand, Anton-Paar, model: MHT-10 (Graz,
Austria). The parameters used are 200 g of testing force or HV0.2; time of withstanding the load of
15 s; loading speed of 25 g/s, which will test the microhardness at the center of the cross-sectional area
(measured at a distance below the surface about 1.5 mm); a total of 15 points; and two times per point
to find the average, as shown in Figure 6. The results will be displayed in a graph that will show the
microhardness value in each position.
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Figure 6. Position for measuring Vickers microhardness.

3. Results and Discussion

The program used for high-speed infrared thermography camera for temperature recording and
data retrieval was the IRBIS® 3.1 Professional program. Figure 7 shows an example of an image
captured from a high-speed infrared thermography camera. Each pixel of the image can show the
resulting temperature and, therefore, allows knowing the exact location of the temperature. Real-time
temperature measurement results using a high-speed infrared thermography camera according to
the design of the experimental design could be graphed as shown in Figures 8–11, which are shown,
at position 1 (position of weldment), position 2 (position of HAZ), and position 3 (position of base
material), to have a graph in the shape like an “M”. Position 1 has the highest measured temperature
of around 1300 ◦C and a minimum of about 900 ◦C. It was shown that the weld pool will have a
temperature between 900 and 1300 ◦C and then gradually cool down. The occurrence of the graph in
the shape like an “M” owing to the area in front of the weld pool has the area of plasma charge that
will cause the workpiece to form a keyhole and this area has the highest temperature, as shown in the
graph. Behind the plasma area, caused by the hot wire feeding, causing the temperature to decrease
and the tail of the weld pool, the temperature will drop slightly close to the temperature of the plasma
area, as shown in Figure 12. Therefore, using a high-speed infrared thermography camera to record
the real-time temperature will result in the graph in the shape of an “M”. Whereas, if the recording
frequency is not high or using a thermocouple or if the hot wire is not fed, the “M” graph will not
be produced. The weldment position will have a maximum temperature of about 1300 ◦C higher
than the HAZ position, which has a maximum temperature of about 1000 ◦C, higher than the base
material position, which has a maximum temperature of about 700 ◦C, respectively. The temperature
decreases in this order owing to the increasing distance from the center of the weld, in which the
highest temperature corresponds to Figure 13. For peak temperature at different distances from the
welding center line, as shown in Figure 13, we found that the resulting graph has very little temperature
differences owing to the same type and size of material used, even when using different parameters of
welding. The maximum temperature at the weldment position of run order 1 is 1324.64 ◦C, run order 2
is 1324.67 ◦C, run order 3 is 1324.69 ◦C, and run order 4 is 1324.62 ◦C.
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Figure 7. The captured image from a high-speed infrared thermography camera.

Figure 8. The temperature profile of run order 1.

Figure 9. The temperature profile of run order 2.
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Figure 10. The temperature profile of run order 3.

Figure 11. The temperature profile of run order 4.

Figure 12. The characteristics of the weld pool results in an M-shaped graph.

291



Metals 2020, 10, 1046

Figure 13. Peak temperature by the distance of the workpiece.

In the graph temperature of the hot wire from Figures 9 and 11, which use hot wire current at
30 A, the hot wire has an average temperature of about 800 ◦C throughout the welding process, and
the final position when the hot wire is pulled back, as shown in Figure 14, at the tip of the hot wire,
will have a temperature of around 1200 ◦C. It was found that the hot wire during the welding process
is still lower than the weld pool, resulting in the hot wire possibly not melting homogeneously with the
workpiece, resulting in the workpiece having lower strength according to the tensile strength results
obtained from Table 7. In Figures 8 and 10, which use a hot wire current at 40 A, the hot wire has an
average temperature of about 1000 ◦C throughout the welding process, and the final position when the
hot wire is pulled back at the tip of the hot wire will have the temperature around 1200 ◦C. During
the welding process, the hot wire has the temperature close to the weld pool, causing the hot wire to
melt homogeneously with the workpiece, resulting in the workpiece being stronger, such as in the
results obtained from Table 7. Therefore, if the workpiece needs to be strong as per the standards,
it is necessary to control the hot wire current so that the hot wire has an average temperature during
welding around 900–1300 ◦C to make the workpiece as strong as possible.

 

Figure 14. The captured image while the hot wire pulls back.
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From the recorded temperature, the cooling rate can be calculated according to Equation (1);
the values used to calculate the cooling rate are shown in Table 6, which found that the cooling rate
of 800–500 ◦C is between 13.42 and 17.31 ◦C/s. Here, position 1 (position of weldment) has a slightly
lower cooling rate than position 2 (position of HAZ) in the same workpiece. This is because position 1
has a higher temperature than position 2. Moreover, it was found that the parameters of the hot wire
process affect the cooling rate. If the wire current increased, the cooling rate tends to be slower owing
to the hot wire temperature.

Table 6. Cooling rate calculation at position 1 and position 2.

Run Order Position
Temperature

@800 ◦C
(◦C)

Temperature
@500 ◦C

(◦C)

Time
@800 ◦C

(s)

Time
@500 ◦C

(s)

Cooling
Rate

(◦C/s)

1 1 810.62 497.88 36.5 58.5 14.22
1 2 809.49 497.39 33.5 54.0 15.22
2 1 796.04 495.32 34.5 53.0 16.26
2 2 804.68 494.07 31.0 50.0 16.35
3 1 800.79 498.91 36.5 59.0 13.42
3 2 809.94 497.66 32.5 55.0 13.88
4 1 810.62 497.77 34.0 52.5 16.91
4 2 809.32 497.77 31.5 49.5 17.31

The tensile test results found that run order 3 gave the best results, followed by run order 1, 2,
and 4 respectively. Run order 3 and 1 gave the ultimate tensile strength, yield strength, and elongation
close to the reference workpiece, which shows that the parameters of run order 3 and 1 are suitable for
use. Run order 4 gave the least value, by visual inspection of a broken workpiece, it was found that the
fracture was in the position of the workpiece’s joint (center of the welds). The breakage characteristics
are brittle, resulting in lower ultimate tensile strength, yield strength, and elongation compared with
other workpieces, where other workpieces fracture at the base material near the HAZ. The results of
the tensile strength given in Table 7 show the consistency of the hot wire parameters, the temperature
of the hot wire, and the cooling rate, as shown in Figure 8 to Figure 11. If the hot wire current was 30 A,
the temperature of hot wire was about 800 ◦C during welding, which was lower than the temperature
of the weld pool (around 900–1300 ◦C). On the other hand, if the hot wire current was 40 A, the hot
wire will have a temperature of around 1000 ◦C, which was in the temperature range of the weld pool,
causing the hot wire to melt homogeneously, making the workpiece stronger. Furthermore, it was
found that the relationship between the cooling rate and tensile strength was inversely proportional;
the workpiece with a lower cooling rate will be stronger than the fast cooling rate workpiece, as shown
in Figure 15.

Table 7. Tensile strength results according to the experimental design.

Run Order

A
(Wire Feed

Rate)
(m/min)

B
(Wire

Current)(A)

Ultimate
Tensile

Strength
(MPa)

Mean ± SD

Yield
Strength

(MPa)
Mean ± SD

Elongation at
Break (%)

Mean ± SD

0 * - - 598.52 ± 0.91 360.76 ± 2.45 35.36 ± 0.06
1 1.7 40 607.23 ± 7.42 361.40 ± 6.38 30.60 ± 5.98
2 1.7 30 515.22 ± 142.81 351.09 ± 32.15 17.63 ± 20.62
3 1.5 40 610.95 ± 2.76 363.40 ± 2.53 30.28 ± 3.56
4 1.5 30 428.70 ± 61.45 294.39 ± 86.92 4.78 ± 1.99

* As-received material.
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Figure 15. The relationship between cooling rate and tensile strength.

For Vickers microhardness values measured at each specified position shown in Figure 16,
the microhardness characteristics were shaped like a “W”, with all the smallest microhardness values
at the HAZ area that was away from the welding center line about 5 mm, the measured microhardness
was in the range of 180–210 HV, which was more than the standard microhardness of AISI 316 specified
at 146 HV. It can be concluded that this parameter was suitable for use. The relationship between
cooling rate and microhardness is shown in Figure 17. It was found that, if the cooling rate of 800–500 ◦C
was between 13 and 16 ◦C/s, the microhardness will increase as the cooling rate increases. Although
the cooling rate of 800–500 ◦C greater than 16 ◦C/s will result in a significant decrease in microhardness,
the microhardness value is still higher than the standard value. However, the cooling rate was very
important, thus the cooling rate of 800–500 ◦C should be controlled between 13 and 16 ◦C/s for the
suitable results. Therefore, to control the cooling rate appropriately for this research, the hot wire
current should be used at 40 A and the hot wire feed rate of 1.5 m/min or 1.7 m/min will give the most
appropriate tensile strength and microhardness results.

 
Figure 16. Vickers microhardness results according to the experimental design.
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Figure 17. The relationship between cooling rate and Vickers microhardness.

4. Conclusions

This experiment can lead to the following conclusions:

1. The high-speed infrared thermography camera can record the temperature throughout the hot
wire plasma arc welding process, allowing the maximum temperature to be known around
1300 ◦C and an “M” shaped graph form is generated. In the graph, the weld pool temperature is
between 900 and 1300 ◦C.

2. The factors studied by the hot wire current at 40 A will give the hot wire temperature around
1000 ◦C, which is the temperature in the weld pool range, causing the hot wire to melt homogeneous
with the base material.

3. The cooling rate of 800–500 ◦C is between 13.42 to 17.31 ◦C/s, which affects the tensile strength,
with the low cooling rate getting the maximum tensile strength at 610.95 MPa and the tensile
strength decreasing according to the high cooling rate. The cooling rate also affects the hardness,
which should be controlled to between 13 and 16 ◦C/s to get the most suitable hardness.
This cooling rate can be controlled by controlling the hot wire current.

4. The appropriate hot wire parameters are the hot wire current at 40A and the wire feed rate of
1.5 m/min, which result in the workpiece having a cooling rate at 800–500 ◦C of 13.42 ◦C/s, tensile
strength 610.95 MPa, and Vickers microhardness average at 195 HV—all such results are higher
than standard materials values.

This study found that the hot wire current plays an important role in cooling rates and tensile
strength. Therefore, the hot wire process parameters should be used appropriately to maximize the
benefits of the hot wire plasma arc welding workpiece. In the future, the optimization of the hot wire
process parameters will be performed to obtain the most suitable parameters and study the phenomena
that affect the results. This manuscript only reports appropriate parameters of the hot wire process
effects on tensile strength and microhardness.
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Abstract: The joining of high-temperature titanium alloy is attracting much attention in aerospace
applications. However, the defects are easily formed during laser welding of titanium alloys, which
weakens the joint mechanical properties. In this work, laser oscillating welding was applied to
join TC31 high-temperature titanium alloy. The weld appearance, microstructure and mechanical
properties of the laser welds were investigated. The results show that sound joints were formed
by using laser oscillating welding method, and a large amount of martensite was presented in the
welds. High mechanical properties were achieved, which was approaching to (or even equaled) the
strength of the base material. The joints exhibited a tensile strength of up to 1200 ± 10 MPa at room
temperature and 638 ± 6 MPa at 923 K. Laser oscillating welding is beneficial to the repression of
porosity for welding high-temperature titanium alloy.

Keywords: laser oscillating welding; high temperature titanium alloy; microstructure;
mechanical properties

1. Introduction

Titanium alloys exhibit high specific strength, excellent corrosion resistance and high thermal
strength, which have been widely used in aerospace field to reduce weight [1–4]. In recent years,
as the flight speed and distance of air vehicles increase significantly, traditional titanium alloys such
as TC4, TA15 cannot cover the operating requirements. High-temperature titanium alloys possess
excellent mechanical properties at high temperature, and the service temperature of these alloys is
increased to above 873 K [5–7]. Due to these excellent performances, high-temperature titanium
alloys have become advanced materials in aerospace applications, such as the components of aircraft
engines, wings and rudders [8]. TC31 alloy is a high-temperature double-phase titanium alloy of the
Ti-Al-Sn-Zr-Mo-Nb-W-Si system with high aluminum content, which can be used in a temperature
range of 923–973 K [9–11]. This alloy also has good durability and creep properties under high load and
high temperature [12]. Therefore, it has shown a prefect application in the aerospace field. To obtain
a sound joint with good mechanical performance is a key factor to achieve structural integrity, light
weight and low-cost manufacturing for its applications.

As an important part of laser manufacturing technology, laser welding is currently one of the
most notable and most promising welding technologies. Due to its advantages of high quality, low
deformation, high precision, high efficiency and high speed, laser welding technology has become a key
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joining method for airplanes and automobiles—with improved safety and structural weight reduction,
clean and efficient shipbuilding—and nuclear power plant construction [13,14]. It is an effective way
to achieve the upgrading of traditional industrial structures and achieve energy saving and emission
reduction. Laser welding has been able to achieve the joining of many types of materials, and has
many unmatched advantages of fusion welding processes [15–17]. For example, laser welding is used
to weld aircraft skin and stringers [18,19]. Compared with riveted structure, the weight and cost of
airplane is reduced dramatically. However, due to high degree of alloying and low plasticity-reserve for
high-temperature titanium alloy, the possibility of cracking of the joint is higher than that of traditional
titanium alloy, and it is easy to generate weld defects during welding [20–22]. The fewer the weld
defects, the better the weld mechanical performances. In addition, the mechanical performances have
a relationship with the laser welding parameters, such as laser power and welding speed, as verified
by finite element method (FEM) and artificial neural network (ANN) simulation techniques [23–25].
Recently, laser oscillating welding has been promising in reducing the weld porosities and increasing
the weld ductility [26]. However, most of the studies about laser oscillating welding purely focused on
the mechanism of porosity suppression; there is a need for an exhaustive description of the relationship
between the weld mechanical performances and the process parameters.

The paper gives the comparison of the weld profiles, microstructures and mechanical properties
under different laser powers, welding speeds, laser beam weaving frequencies and amplitudes to
obtain the sound welding parameters. In the study, high-temperature titanium alloy TC31 was welded
by a laser oscillating welding method. The appearance, internal quality and microstructure of the weld
under different welding parameters were observed. The mechanical properties of the joints at room
temperature and high temperature were investigated. The mechanism for improved joint strength is
also discussed.

2. Experimental

The base metal is high-temperature titanium alloy TC31 in this study, and its composition and
mechanical properties are listed in Tables 1 and 2, respectively. TC31 alloy was machined into plates
with a dimension of 200 mm × 100 mm × 3 mm. The plates were polished with SiC sandpaper,
acid pickled in HF solution and ultrasonically cleaned with acetone and ethyl alcohol.

Table 1. The composition of high-temperature titanium alloy TC31 (wt%).

Element Ti Al Sn Zr Mo Nb W Si

Composition Balance 6.0–7.2 2.5–3.5 2.5–3.5 1.0–3.2 1.0–3.2 0.3–1.2 0.1–0.5

Table 2. Mechanical properties of alloy TC31 with the thickness of 3 mm at room temperature and high
temperature 923 K.

Temperature UTS/MPa YS/MPa Elongation/%

RM 1205 1091 15.2
650 ◦C 648 - 17.3

Butt welding experiments were carried out on the base material using laser oscillating welding
method. The laser welding parameters for two welding methods are listed in Table 3. In laser
oscillating welding experiments, the laser beam oscillated in a figure-eight manner with the weaving
frequency of 200–400 Hz and the weaving amplitude of 0.1–0.5 mm. The laser power was in the
range of 1900–2100 W, and the welding speed is in the range of 1200–1800 mm/min. Since titanium
alloy is easily reacted with ambient gases, argon was used as shielding gas with the flow rate of
15 L/min during welding process. The laser focused on the workpiece surface with a diameter of
0.45 mm, defocus amount of 0 and a working distance of 247 mm. A D50 wobble seam oscillating head
(IPG Laser GmbH, Burbach, Germany) was utilized to adjust the oscillating frequency and amplitude.
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Table 3. Laser oscillating welding parameters.

Sample
Weaving Frequency of

Laser Beam (Hz)
Weaving Amplitude of

Laser Beam (mm)
Laser Power

(W)
Welding Speed

(mm/min)

W1 200 0.1 1900 1200
W2 200 0.3 2000 1500
W3 200 0.5 2100 1800
W4 300 0.1 2000 1800
W5 300 0.3 2100 1200
W6 300 0.5 1900 1500
W7 400 0.1 2100 1500
W8 400 0.3 1900 1800
W9 400 0.5 2000 1200

After welding, the internal quality of the welds was examined by X-ray nondestructive testing
instrument (NDT, MU2000-D) (YXLON International GmbH, Hamburg, Germany) using a tube
voltage of 120 kV and a tube current of 3.4 mA. Due to the limitation of capability of equipment,
the nondestructive testing was conducted twice on different parts for each sample. The microstructure
of the weld was studied by a GX53 metallurgical microscope (Olympus Corporation, Tokyo, Japan)
after being etched with Kroll’s reagent: 2 mL HF, 6 mL HNO3 and 92 mL H2O. X-ray diffraction
(XRD, D/MAX-2500) (Rigaku Corporation, Tokyo, Japan) using Cu-Kα radiation was employed to
examine the structure of the welds. For X-ray diffraction measurements, a diffractometer with the
X-ray tube operating at 40 kV and 200 mA target current was used. The microstructure of the joints
was also studied using an electron probe microanalyzer (EPMA, JXA-8100) (JEOL Ltd., Tokyo, Japan).
To determine the mechanical properties of the joints at room temperature and high temperature 923 K,
the weld plate samples were machined into joint samples with dimensions depicted in Figure 1 for
measurement (as GB/T 228.1-2010 standard and GB/T 228.2-2015 standard). The samples were cut
along the direction perpendicular to the weld. Tensile tests were performed, respectively, on three joint
samples by using a universal testing machine at a tensile speed of 0.5 mm/min. After the tensile test,
fracture surfaces of the weld joints were observed by a scanning electron microscope (SEM, JSM-7001F)
(JEOL Ltd., Tokyo, Japan) with an energy dispersive spectrometer (EDS, Pegasus XM2 EDS) (EDAX Inc.,
Mahwah, NJ, USA) system.

Figure 1. Dimensions of the specimens in tensile testing: (a) sample design for room temperature
testing; (b) sample design for high temperature testing.
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3. Results and Discussion

3.1. Weld Appearance and Internal Quality

High-temperature titanium alloy TC31 plate samples were weld under different laser welding
conditions listed in Table 3. The front and back appearances of the butt weld joints are shown in
Figure 2. As shown in Figure 2, the welds are continuous in the surfaces without cracks, and uniform
fish-scale patterns are observed. The samples except samples W5 and W9 display the front appearance
as yellow or silvery white. With increasing the laser power up to 2100 W or decreasing welding speed
to 1200 mm/min, the front appearances of the welds present a color of green, purple or blue, which
indicates that the oxidation of the front appearances is further deepened [27]. By contrast, the back
appearance of all the welds is silvery-white in color, indicating an effective protection for the joints
through gas shielding. Besides, as can be seen from Figure 2e,i, the back weld width of W5 and W9
samples are obviously larger than those of other samples, indicating the higher heat input.

Figure 2. The front and back appearances of the laser-welded TC31 joints: (a–i) represent W1 to
W9 samples.

For further investigating the internal quality of the welds, the X-ray non-destructive testing was
conducted and the result is shown in Figure 3. Except that porosity defects are observed in W8, other
joints exhibit sound bonding without lack of fusion, slag or hot cracks.
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Figure 3. Images of the laser-welded TC31 joints in X-ray detection.

3.2. Microstructure Characterization

Figure 4 shows the optical micrographs of the cross-sections of W1 to W9 laser welded joints.
The joints exhibit slight defect of undercut. The undercut with a maximum depth (≈0.165 mm) was
occurred in W9 sample, and the undercut imperfection is 0.055t (t is the thickness of the alloy plate),
which is lower than the limit of for quality C level (0.1t) according to ISO 5817 standard. Thus,
the laser-welded TC31 joints reach the weld quality C level (medium quality requirements). In addition,
no misalignment defect was observed in these joints. Three distinct regions in the joints can be
observed, i.e., the fusion zone (FZ), the heat-affect zone (HAZ) and the base material (BM). The FZ
mainly consists of coarse prior β columnar grains. There are a few equiaxed grains at the junction
of the FZ and the HAZ. The columnar grains in the middle of cross section grow horizontally and
towards the weld centerline, while the columnar grains closed to the weld front and back surfaces grow
from the weld fusion line to the weld surface. Figure 5 shows the magnification view of the fusion
zone and heat-affected zone of the W5 joint. It can be seen that there is a large amount of staggered
needle-shaped α′ phases inside the columnar crystal, which is the typical structure of martensite [28].

The phases in the FZ of the welded joints are examined by XRD. The examination is carried out
on W2. As shown in Figure 6, the XRD pattern consists of the peaks corresponding to α′-Ti phase,
and no peak corresponding to β-Ti phase is observed. This result implies that the major phase in
the weld is α′-Ti phase. For further analyzing the microstructure of the joints, EPMA analysis is also
conducted on the weld of W2. The backscattered electron image of the cross-section of the joint is
shown in Figure 7. It is seen that the laser welded joint is free from obvious defects, such as voids and
cracks. The BM consists of elongated α grain and intergranular β grain (Figure 7a). A large amount of
acicular Ti and columnar prior β grain boundaries can be observed in the FZ as shown in Figure 7b,c,
which implies that the prior β phase gradually transform into the secondary α phase [1,29].
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Figure 4. Optical micrographs of cross sections of as the laser-welded TC31 joints: (a–i) represent W1
to W9 samples.

Figure 5. Magnification view of fusion zone and heat-affected zone of W5 joint: (a) fusion zone and
heat-affected zone; (b) high-magnification scanning electron microscope image of the rectangular region
in (a); (c) high-magnification scanning electron microscope image of (b).

Figure 6. X-ray diffraction pattern of W2 weld.
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Figure 7. Backscattered electron images of the cross-section of W2 joint: (a) Base material (BM);
(b) Heat-affect zone/Fusion zone (HAZ/FZ) transition zone; (c) Fusion zone (FZ).

The formation mechanism of the joint is discussed as follows. The microstructural transformation
of the welds for TC31 laser-welded joints are influenced by the welding thermal cycle and the ingredient
distribution of the bonding zone [13]. As illustrated in Figure 4, the size of prior grain boundaries
significantly increased. This may be due to the growth of grain is sensitive to overheating. During the
laser welding process, the unmelt BM closed to the bottom of welding pool and the top of heat-affecting
zone is under the condition of ultra-high temperature reaching or exceeding the liquidus temperature
of phase. The grain nucleates at the surface of partially molten base material, and then grow quickly
towards the center of the weld. With the growth of columnar grain, the temperature gradient of the
melt gradually flattens, and the solute concentration in melt increases, resulting in the constitutional
undercooling in the front of the solid-liquid interface increasing and the equiaxed crystals forming
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in the center of the weld. Due to the solidification behavior of weld center occur during the final
stage of solidification, the growth of the equiaxed crystals is limited by the solidified columnar grains.
Moreover, the columnar grains have an insulating effect on the equiaxed grains, which results in the
coarse grains in the weld center. Near the surface of the weld, due to the change in heat dissipation
conditions in the middle solidification of the weld, the columnar crystal grows toward the surface of
the weld, and there is a large angle between the growth direction and the growth direction of the central
columnar crystal. Laser welding is a rapid heating and cooling process, rapid quenching will cause
martensite transformation of titanium alloy [1]. During the cooling process, the initial β columnar
crystals of the weld metal generate α′ phase via shear transformation. It is due to the rapid cooling
rate frustrating the atomic diffusion of the β phase. The α′ martensite grows and form one or several
primary needle-like martensite parallel to each other, and then form a series of relatively fine secondary
needle-like martensite. These secondary martensitic grains stop growing when encountering grain
boundary or primary martensite, resulting in the formation of a typical staggered needle-like structure
in the welding seam of the laser oscillating welds [29,30].

3.3. Mechanical Properties

The tensile strength of the welded specimens at room temperature are listed in Figure 8, and the
photographs of W1 and W2 joints after the tensile test are shown in the insets of Figure 8. It is observed
that the average tensile strength of W2 reaches 1200 ± 10 MPa, which is equal to the tensile strength of
TC31 alloy. Meanwhile, the average tensile strength of W1, W6, W7 and W9 samples also exhibit high
tensile strength, reaching 1183 ± 4 MPa, 1185 ± 31 MPa, 1184 ± 63 MPa and 1190 ± 1 MPa, respectively.
The fracture of two specimens of W1 joint occurred at the base material, while the ruptures of W2
specimens occurred in the HAZ. As seen in Figure 8, the W8 sample exhibits relatively low mechanical
properties, which is caused by the porosity defects in the weld [31,32].

Figure 8. Tensile strength of welded TC31 specimens by wave laser oscillating welding method at
room temperature. (The insets show the photographs of W1 and W2 joints after the tensile test.).

Given that the working temperature of TC31 alloy can reach from 923 K to 973 K, the mechanical
properties of the joints at high temperature conditions is also essential. The tensile strength of the
welded specimens at 923 K are also tested and listed in Figure 9. As seen in Figure 9, the tensile
strength of W2 joint reaches 635 ± 3 MPa. Moreover, the highest tensile strength for TC31 specimens
by laser oscillating welding at 923K can reach up to 638 ± 6 MPa for W1 joint. The fracture of W1 joint
specimens at 923 K occurred at the BM away from the weld seams.
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Figure 9. Tensile strength of welded TC31 specimens by laser oscillating welding method at 923 K.
(The inset show the photograph of the W1 joint after the high-temperature tensile test.).

In order to investigate the mechanism for the high strength of the joints by laser oscillating welding,
the fracture surfaces of the welded joints were examined by SEM. Figure 10 presents the magnified
view of the fracture surface of W2 after the tensile test performed at room temperature. A large
number of dimples densely distribute on the fracture zone, which is a typical feature of ductile failure.
The formation of the dimples implies plastic deformation in the micro regions, which is suggested to
be favorable for improving mechanical properties of the joint. Figure 11 presents the magnified view
of the fracture surface of W1 joint after the tensile test performed at 923 K. It can be seen from Figure 11
that the area where the fracture is close to the surface of the weld (Figure 11b) and the middle part
of the welded joint (Figure 11c,d) show distinct features. Region i fracture morphology shows the
characteristics of tough dimple fractures. The fracture surface is rock sugar-like. There are a large
number of small dimples on the grain boundaries of the fracture surface and show slip characteristics.
This results from nucleus, growth, and connection. Meanwhile, there are also a small number of
dimples concentrated in some areas (red dotted area in Figure 11b). As can be seen from Figure 11c,d,
there are a large number of dimple structures in Region ii in the middle part of the welded joint.
The above results indicate that the joint undergoes ductile fracture under high temperature conditions.

The TC31 joint fabricated by the laser oscillating welding method exhibits high tensile mechanical
properties at room temperature, which is exceeding or approaching the mechanical properties of the
base alloy. On the one hand, as can be seen from Figures 4 and 7, no defects, such as cracks, inclusions,
or unwelded joints, are generated except W8 sample. Laser welding is a rapid melting and solidification
process, and it is difficult for the pores formed in the molten pool to escape, which becomes the stress
concentration point of the joint. Compared with pulsed laser welding method [12], the content of
pores in the weld seam obtained by wave laser oscillating welding is significantly reduced, and the
depth-to-width ratio of the weld seam is relatively small. This is due to the adoption of wave laser
oscillating welding method, the reciprocating swing of the laser beam on the weld seam causes part
of the weld to remelt repeatedly, prolonging the residence time of the molten metal in the weld pool.
The deflection of the laser beam also increases the heat input per unit area, reduce the depth-to-width
ratio of the weld, which is favorable for the escape of bubbles. Besides, the oscillation of the laser
beam causes the air holes to oscillate, which can also provide the stirring force for the welding molten
pool, increase the convection and stirring of the molten pool and then eliminate the air holes. This is a
favorable factor for improving the mechanical properties of the joint [33–35].
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Figure 10. Fracture surface of W2 welded joint after tensile test performed at room temperature, (b) is
the magnified view of (a).

Figure 11. Fracture surface of W1 welded joint after tensile test performed at 923 K: (a) macroscopic
appearance of fracture; (b) high magnification magnification of Region i; (c) high magnification
magnification of Region ii; (d) high magnification magnification of Region iii.

On the other hand, the TC31 high temperature titanium alloy forms a martensite structure in the
weld after laser welding. Martensite α′ is a supersaturated solid solution of alloying elements inα phase.
During the cooling of the weld from the β-phase region to room temperature at a rapid cooling rate,
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the atoms have no time to diffuse, and only a small needle-shaped and unevenly distributed martensite
structure can be precipitated by shearing. α′ grows inside the initial β columnar crystals, forming
one or several parallel primary α′ firstly, and extending through the entire grain over a long distance,
stopping at the grain boundary. Then a series of relatively fine secondary needles α′ are formed, which
stops at the grain boundaries or primary martensite, resulting in the formation of a typical basket
structure in the weld. This structure has good comprehensive properties, such as plasticity, creep
resistance and high-temperature endurance strength [1].

4. Conclusions

In this study, high-temperature titanium alloy TC31 was joined by the laser oscillating welding
method and good mechanical properties were achieved. The appearance, microstructure and
mechanical properties of the welded joints were investigated. High-temperature titanium alloy
TC31 formed sound joints by the laser oscillating welding method under the optimized process
parameters with the weaving frequency of 200 Hz, weaving amplitude of 0.3 mm, laser power of
2000 W and welding speed of 1500 mm/min. The joints exhibit sound bonding without lack of fusion,
slag or hot cracks. The welded region was composed of acicular α’ phase resulting from the high degree
of supercooling during the laser welding process. The welded joints exhibit the highest tensile strength
of 1200 ± 10 MPa at room temperature, which is approaching that of the base metal. The tensile strength
of the joints at the high temperature of 923 K reaches 638 ± 6 MPa. The welded joints exhibit ductile
fracture with dimples at both room temperature and high temperature. Considering the mechanical
properties of TC31 laser-weld joints at different temperatures and the potential usage environment
of this high-temperature titanium alloy, W1 joint with 200 Hz weaving frequency, 0.1 mm weaving
amplitude, 1900 W laser power and 1200 mm/min welding speed, exhibit outstanding mechanical
properties in this study. Furthermore, laser oscillating welding is beneficial to the repression of porosity
for welding high temperature titanium alloy.
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Abstract: The demands for the connection between thin dissimilar and similar materials in the fields
of microelectronics and medical devices has promoted the development of laser impact welding. It is
a new solid-state metallurgical bonding technology developed in recent years. This paper reviews
the research progress of the laser impact welding in many aspects, including welding principle,
welding process, weld interface microstructure and performance. The theoretical welding principle
is the atomic force between materials. However, the metallurgical combination of two materials in
the solid state by atomic force but almost no diffusion has not been confirmed by microstructure
observation. The main theories used to explain the wave formation in impact welding were compared
to conclude that caved mechanism and the Helmholz instability mechanism were accepted by
researchers. The rebound of the flyer is still a critical problem for its application. With proper control
of the welding parameters, the weld failure occurs on the base materials, indicating that the weld
strength is higher than that of the base materials. Laser impact welding has been successfully applied
in joining many dissimilar materials. There are issues still remained unresolved, such as surface
damage of the flyer. The problems faced by laser impact welding were summaried, and its future
applications were proposed. This review will provide a reference for the studies in laser impact
welding, aiming process optimization and industrial application.

Keywords: laser impact welding; interfacial bonding mechanism; interface wave; diffusion

1. Introduction

In the hush service environment, such as the nuclear power plant’s primary water reactor,
the performance of single metal materials is difficult to meet the requirement. Composite materials
can ensure that the components have two or more of the properties of lightweight, high strength,
good toughness, corrosion resistance, human body compatibility, and low cost, which has become
a direction of current material development [1,2]. Welding is an important process for joining materials,
for example, welding is indispensable for the assembly of high-temperature shape memory alloys [3],
and it can also perform metallurgical bonding of high-entropy alloy workpieces [4]. However, the huge
differences of dissimilar materials, especially in the microstructure, physical and chemical properties,
which leads to the production of intermetallic compounds and the large residual stresses during
the fusion welding process. Thus, the performance of the bonding area will be reduced [5–7]. To obtain
a good metallurgical bond between dissimilar materials, researchers consider using solid-state welding
processes for welding dissimilar materials, such as diffusion welding, friction stir welding [8], ultrasonic
welding [9], and impact welding (explosive welding [10], magnetic pulse welding [11], etc.). The impact
welding temperature is relatively low, and the thermal cycle time is extremely short. In theory, it can be
widely used for welding between any metals. Metal cladding is already a common process conducted
with explosive welding.

Metals 2020, 10, 1444; doi:10.3390/met10111444 www.mdpi.com/journal/metals
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In recent years, there has been an increasing demand for connections between similar or
dissimilar metal thin foils, especially in the fields of battery electrodes, special medical materials,
metal anti-corrosion coatings, and the coating of heat dissipation layers of semiconductor materials.
For example, the electrodes of the heart-pace maker need to be optimized with a good weld between
aluminium and titanium. However, the solid-state welding technologies have certain limitations in
the connection of dissimilar metal foils. Ultrasonic welding, as shown in Figure 1, produces surface
indentation, and friction welding leads to layered intermetallic compounds [12,13]. In 2009, Daehn
and Lippold [14] from The Ohio State University in the United States proposed a non-contact welding
method with laser as the energy source—Laser impact welding. This process could realize solid
metallurgical bonding between dissimilar metal foils with a thickness of millimeters/micrometers, with
precise positioning and flexible as well as adjustable welding area size.

 
Figure 1. (a) Surface indentation of ultrasonic welding (reproduced from [9], with permission of
Elsevier 2020); (b) Intermetallic compound layer with friction stir welding (reproduced from [15], with
permission of Elsevier 2015).

As a new type of solid-state welding process, laser impact welding is still in the laboratory
process exploration stage. This review summarizes the progress of the laser impact welding process
and the results achieved at this stage from the mechanism of impact welding, the process of impact
welding, the structure, and performance of the impact welded joint. It also proposes the development
direction of the laser impact welding process and provides its maturity reference.

2. Laser Impact Welding Process

Laser irradiation on the surface of the material will cause temperature and force effects. According
to the order of magnitude of energy input from small to large, the phenomenon of temperature rise,
melting, vaporization, and plasma excitation will occur in sequence. While vaporizing and exciting
the plasma, an instantaneous stress action is formed on the surface.

In the decades since the 1970s, the stability and high speed of the laser-driven flyer flying were
verified, and the Gurney mathematical model of flyer flying speed and its influencing factors were
established [16–18]:

ρxdE = (ρ/2)(x0 − xd)v2
0 + (ρ/2)

∫ xd

0
(v0x/xd)

2dx (1)

ρ is the density of ablated material, xd is the thickness ablated away, E is called Gurney energy, x0

is the original thickness, and v0 is the final velocity.
The formula is based on the principle of conservation of energy. The left side is the energy released

by the ablation layer, and the right side is the kinetic energy. Equation (1) was simplified to obtain
the final velocity:

v0 =

√
3E

3x0/2xd − 1
(2)

In the 1940s, Carl first proposed the use of explosives to drive metal and metal collisions for
metallurgical bonding, named explosive welding [19]. Nowadays, people use chemical energy [20],
electromagnetic field energy [21], high-energy-density light energy [22], high-pressure gas [23], etc. as
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driving sources to achieve various forms of impact welding by the transient release of high energy
and drive high-speed collision of welding parts.

The principle of atomic bonding at the impact welding interface is shown in Figure 2. When
atoms reach a certain position, interatomic bonding will occur. However, the obstacles on the surface
of the flyer and the target such as oxides, oil stains, and surface impurities prevented the atoms from
the flyer and the target to get close within the atomic distance. The basic principle of high-speed impact
welding is to remove the bonding obstacles by jet flow, and with the help of the transient and huge
impact force of the high-speed impact to make the atoms reach a close enough distance to achieve
the bond between the atoms [23].

 
Figure 2. Atomic force-distance curve.

Laser impact welding is also an impact welding process with laser as the driving source, which is
mainly used in spot welding of millimeter/micron-scale [24,25]. As shown in Figure 3a, the laser impact
welding system is divided into two parts: the energy source, namely the laser system, and the weldment
support system [26,27]. To prevent non-uniform force caused by continuous energy input and to ensure
energy transfer efficiency, a pulsed laser with a pulse width of about 10 ns and a wavelength of 1064
nm is usually used. Since the laser can achieve 0–100% capacity adjustment, the greater the energy that
the laser can achieve, the wider the applicability, but generally the minimum energy required to achieve
millimeter-level spot welding is about 1 J. The commonly used laser types are flat-top laser and Gaussian
laser. The energy distribution of the laser beam is shown in Figure 3b,c respectively. We can change
the laser beam diameter by adjusting the position of the convex lens to determine the energy density
and solder joint size. The arrangement sequence of the support system from left to right is confinement
layer, ablation layer, flyer, standoff, and target. The whole set of equipment is fixed on the stander.

During the impact welding process, due to collision and extrusion, a jet along the welding
direction is generated at the collision point to clean the surface, which is a necessary condition for
the metallurgical bonding of impact welding. For the flat-top laser-driven flyer, the flat-top light
action area on the flyer first collides with the target in parallel, that is, the impact angle is zero degrees,
there is no metallurgical bonding in this area, and rebound occurs for a large area after the collision.
As the impact collision progresses, the impact angle gradually increases, enters the welding window,
and the interface metallurgical bond is formed. Therefore, the solid-state metallurgical bonding area
produced by the flat-top laser is a narrow ring shape. However, the metallurgical bonding area
produced using Gaussian laser to drive the flyer is a wider circular ring shape.

The parameters of laser impact welding are also categorized into two groups: laser system
parameters and weldment combination parameters. The parameters of the laser system are the laser
energy and laser spot size, that is, the laser energy and laser spot size acting on the ablation layer.
The combination parameters of weldment are complex, as shown in Table 1, including various indexes
of the weldment support system, such as confinement layer, binder, ablative layer, the thickness of
the flyer, preset flying distance, and so on [26].
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Figure 3. (a) Schematic diagram of laser impact welding system; (b) flat-top laser energy distribution;
(c) Gaussian laser energy distribution.

After starting the laser, laser impact welding can be divided into three stages, as shown in
Figure 4 [28]:

 
Figure 4. Schematic diagram of laser impact welding process (reproduced from [28], with permission
of Elsevier 2019). (a) Excitation stage: The laser irradiates the ablation layer through the confinement
layer, and the ablation layer is vaporized into plasma. Due to the limitation of the confinement
layer, the reaction force of the plasma drives the flyer to emit; (b) Flight phase: the flyer passes
the preset flight distance (standoff) and collides with the target at a certain speed and angle; (c) Welding
stage: The behavior of the impact point is shown in Figure 5 (the welded area on the left). The flyer
and the target collide at a certain angle from the starting position of the metallurgical bonding to the end
position and the welding is over.
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Figure 5. Schematic diagram of the impact welding process.

Table 1. Influence of Weldment Combination Parameters.

Weldment Combination Parameters Influence of Impact Welding

Confinement layer

The higher the hardness, the greater the reaction force on the flyer, and the higher
the impact speed under the same energy; but when the hardness of the confinement
layer is high, the toughness is poor, and the service life is shorter in the continuous
high-speed impact service environment. Currently, the commonly used material is

polycarbonate and high light transmission glass

Binder

Liquid super glue has high performance and can reach the highest speed, but it is
difficult to spread evenly; solid double-sided glue spreads evenly, but it will lose

a certain amount of energy due to self-adhesion. Therefore, its impact speed is lower
than that of liquid super glue.

Ablative layer

The ablation layer is excited by the laser to form plasma to accelerate the flyer.
The stronger its ability to absorb laser energy, the more plasma formed, and the higher
the conversion efficiency of light energy to kinetic energy. Currently, black spray paint

is commonly used

Thickness of flyer
The thicker the flyer, the larger the mass and the smaller the impact speed; however, as

the thickness increases, the thickness of the welded joint becomes larger, thereby
improving the joint strength

Preset flying distance
The laser-driven flyer flight is a variable speed process. First, it accelerates and then

decelerates. Under certain conditions, there is an optimal position for the highest
impact velocity.

The laser system parameters and weldment combination parameters affect the metallurgical
bonding process by controlling the impact velocity Vp and impact angle β in Figure 5 at the collision
point. The jet only starts in the shaded area process window as shown in Figure 6. Therefore, studying
the effects of various parameters on the impact velocity and angle is very important for optimizing
the laser impact welding process. It is worth noting that the jet is also affected by the welding metal
itself, and the jet process window of different metals is different [24,29].

 
Figure 6. Generic welding window (reproduced from [10], with permission of Elsevier 2019).
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3. Microstructure of Laser Impact Welding Interface

3.1. Macroscopic Morphology of Laser Impact Welding Interface

The typical macroscopic morphology of the laser impact welding interface is shown in Figure 7a.
The welding joint area has a ring shape, and the middle is the collision rebound area. As shown in
Figure 7c,e, a certain amount of damage was produced on the top surface of the flyer-copper foil
irradiated by the laser, and a convex area was produced on the back of the target. For thicker targets,
this problem does not exist. Additionally, the generation, propagation, rebound and superposition of
stress waves may cause tearing between the flyer and the target [27,28,30]. The center rebound zone of
the flat-top laser is larger than that of the Gaussian laser, which may be affected by the impact angle
factor mentioned above. The huge rebound zone seriously affects the industrial application and joint
performance of laser impact welding (LIW), so eliminating the rebound zone is the primary task of
current process optimization.

Liu et al. [31] performed Cu-Al-Cu three-layer impact welding of weldments, that is, using Cu as
the flyer, first impact the middle layer Al, and finally, under the impact of the impact, the middle layer
accelerates the impact to the Cu of the bottom target, completing three-layer impact welding. Due to
the first impact welding of the flyer and the middle layer, impact velocity and impact angle are adjusted,
thus reducing the springback of the middle layer Al and the bottom target Cu during the second
impact welding process, but the springback of the first flyer and the middle layer still not be controlled.
Sadeh et al. [32] found in experiments that the use of black tape between the target and the fixed plate
reduces the rebound of the flyer. They used a black tape buffer layer to eliminate the center spring
back phenomenon, greatly increasing the area of the weldment area. Convert the weldment area from
a ring to a dot and outer ring shape.

Three-layer impact welding and the use of black tape have better eliminated the center spring
back and obtained an ideal circular solder joint. They confirmed the possibility of laser impact welding
to eliminate the center spring back and made a great contribution to the application of the process.
These two experiments jointly pointed out that “buffering” is the key factor for laser impact welding to
eliminate center spring back.

 

Figure 7. (a) Cross-section of weld interface at 1550 mJ energy (reprodueced from [27], with permission
of Elsevier 2019); (b–e) Weld spot between molybdenum and copper (reproduced from [28], with
permission of Elsevier 2019).
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3.2. Laser Impact Welding Interface Wave

A periodic wave-like interface is a typical interface morphology in impact welding. On the one
hand, the interface wave can increase the area of metallurgical bonding in a limited welding area
and increase the welding bonding strength. On the other hand, it can also be mechanically interlocked
to improve the strength of the interface. Accordingly, the interface wave characteristics are related
to welding parameters such as input energy and impact angle. Figure 8a–c show the interface
wave characteristics of explosive welding, magnetic pulse welding and laser impact welding [33].
The wavelength and peak of the interface wave increase with the increase in energy. Due to the low
energy input in laser impact welding, the interface wave presents irregular characteristics. It is
almost a straight line under the ordinary optical microscope and low-magnification scanning electron
microscope, and the undulations of tiny waves can only be seen under the high-magnification electron
microscope. Wang et al. [24] studied the relationship between the characteristics of the laser impact
welding interface wave and the laser energy density, as shown in Figure 8d, which further confirmed
the irregularity of the laser impact welding interface wave.

 

Figure 8. Weld interface morphology of three typical impact welded joints with (a) Explosive welding;
(b) Magnetic pulse welding; (c) Laser impact welding; (d) Weld wave interface morphology with laser
impact welding (reproduced from [24], with permission of Laser Institute of America 2016).

The ideal interface wave can make the welded joint get excellent performance, but the formation
mechanism of the interface wave is still controversial. At present, there are mainly the following four
theories regarding the formation mechanism of interface waves:

1. Bahrani and Black [34,35] first proposed the flyer flow penetration mechanism (caved mechanism),
as shown in Figure 9. Since the stress generated by the impact is much greater than the yield
strength of the material, this mechanism regards the flying stream as a fluid with a certain
viscosity, and the target is a non-fluid ductile metal. It is believed that the initial impact of
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the flyer on the target will cause the target to sink and bulge with plastic deformation. The work
hardening caused by deformation makes it more and more difficult for the target to deform,
reaching the limit. After periodic action, a wavy interface formed.

 
Figure 9. (a–e) the process of Bahrani caved mechanism (reproduce from [34], with permission of Royal
Society 1967).

2. The Helmholz instability mechanism was proposed by Hunt et al. [36]. This mechanism regards
the two metals under high-speed impact as fluids. During the impact and collision, the flyer
and the target will have their own characteristics at the interface between the two. The tangential
velocities u1 and u2 parallel to the interface, due to that the different properties of the two
metals, the different driving forces they receive, and the reflection from the fixed surface of
the target, cause the tangential velocities u1 and u2 to be inconsistent. As shown in Figure 10a,
the speed difference between the two fluids at the interface position will cause small disturbances.
This disturbance will cause the interface to instability and produce a wave-shaped interface.
This wave-shaped cloud commonly found in nature is Kelvin–Helmholtz instability. They believe
that a similar situation will also occur during the impact, so a wavy interface will be formed.

Figure 10. (a) Helmholz instability mechanism (reproduced from [37], with permission of Elsevier
2010); (b) stress wave mechanism.

3. The stress wave mechanism says that the impact wave generated by the release of energy
and the various stress waves reflected from the target superimpose on the interface to produce
interface waves as shown in Figure 10b [38,39]. At the collision between the flyer and the target,
stress waves generated at the interface and propagate into both the flyer and the target. The higher
the input laser energy, the stronger the stress waves are. The waves are reflected when they
meet an interface/surface. Until now, no quantitative relationship was built between the wave
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characteristics and the stress waves. According to this mechanism, the size of the interface
waveform is only related to the thickness of the weldment. However, the size of the waveform will
be significantly different under different energy [24]. Therefore, this mechanism is not the main
factor affecting the formation of the interface waveform.

4. The vortex street mechanism is also called the vortex flow mechanism. Sherif [40] and Hay [41]
drew on the principles of fluid mechanics and regarded the flyer and target as fluids. As shown in
Figure 11, according to the vortex mechanism, when the fluid vortex encounters an obstacle, they
will rotate in opposite directions from both sides of the obstacle to form a vortex line. Therefore,
the flow of the flyer and the target will flow out during the impact welding process. Separation
and convergence eventually form a wavy interface. However, in fact, the impact process is not
blocked by obstacles.

 
Figure 11. Vortex Street mechanism (reproduced from [42], with permission of Elsevier 2018).

At present, the caved mechanism and the Helmholz instability mechanism are interface wave
formation mechanisms accepted by most scholars, especially to explain the periodic interface waves in
explosive welding and magnetic pulse welding. The energy input by the two is large, and the interface
metal can be approximated as fluid during the impact. The laser impact welding interface presents
irregular interface waves or flat interfaces. Whether the Helmholz instability mechanism can accurately
predict the shape of the laser impact welding interface still needs to be explored.

At present, the simulation of the wave-shaped interface of impact welding by researchers often
regards the material as a fluid and applies the penetration model. The material models adopted by
most researchers are the Johnson–Cook materials model [43]. The Johnson–Cook materials model has
the following formula.

σ =
(
A + Bεn

e f f

)(
1 + C ln

.
ε
)
(1− T∗m) (3)

σ is flow stress; εe f f is effective plastic strain;
.
ε =

εe f f
.
ε0

is plastic strain rate; T∗ = T−Troom
Tmelt−Troom

is
homologous temperature; A, B, C, n, m are materials parameters.
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3.3. Microstructure of Laser Impact Welding Interface

3.3.1. Interface with and without Transition Layer

Figure 12 shows two typical interface structures in impact welding revealed by electron microscopy:
welding interface with transition layer and welding interface without transition layer [44,45].
For the welding interface with a transition layer, the transition layer is a new phase different from
the base material produced after melting and solidification of the interface metals, which belongs
to the “rapid melting-solidification” interface bonding mechanism [46]. For the interface without
a transition layer, there are currently two opposing views: on the one hand, scholars represented
by Stern [47] believe that the interface combination is attributed to the “mechanical mixing” effect
and there is no melting. The high plastic deformation of the interface leads to the rapid refinement of
crystals and the formation of an intermediate thin layer. On the other hand, scholars represented by
Marya [48] believe that under high-speed impact conditions, the temperature increase in the impact
interface is inevitable. This type of interface is also formed by the “rapid melting-solidification” of
the thin metal layer. The formation of the transition layer is related to the input energy.

For the foil vaporization welding with higher input energy than LIW, Sridharan N et al. [49] used
the latest TEM and APT techniques to observe the structure of the weld interface without transition
layers from the nanoscale. As shown in Figure 12a, they found that there is a nano-scale amorphous
layer at the interface. The amorphous layer contains elements of the two weldments, confirming
the diffusion of interface atoms during the impact. In this regard, they proposed a “liquid film”
diffusion mechanism. That is, the metal atoms with the lower melting point are first melted into
a liquid film during the impact welding process, and the higher melting point atoms on the other
side will enter the liquid film for diffusion. Their study indicated that the interface reaction in impact
welding is complex and exhibited different phenomena at a different scale.

 

Figure 12. Two welding interfaces of impact welding (a) Transition zone interface (reproduced from [49],
with permission of Elsevier 2019); (b) Interface without transition zone (reproduced from [24], with
permission of Laser Institute of America 2016).

Under SEM observation, the laser impact welding interface mostly belongs to the interface
without the transition layer. Wang H. et al. [50] used EBSD to confirm that the grains in the vicinity of
the joint are significantly refined, and there are nanocrystalline ribbons like the vaporized foil, but
no obvious continuous transition layer is found on the welded joints of dissimilar metals. However,
the impact is a rapid process of energy accumulation and release. Especially in the second half of
the cycle, as shown below, the impact will abnormally increase the energy to form a discontinuous
intermetallic compound, and finally form a mixed interface without a transition layer and a transition
layer. At present, the mixed interface formed by laser impact welding with such low energy input has
not been explored. Exploring the formation and distribution of these two interface structures is of
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great significance to reveal the order of the formation of the impact welding interface. In particular,
the influence of discontinuous intermetallic compounds on the brittleness of the bonding surface has
a certain significance for the improvement of process performance.

3.3.2. Laser Impact Welding Interface Diffusion and Intermetallic Compounds

At the impact welding interface with the corresponding occurring obvious melting phenomenon,
the atom diffusion mechanism is the same as that in the melting and welding process, and intermetallic
compounds forms. This kind of regional melting phenomenon is common in explosive welding
and magnetic pulse welding/foil vaporization welding interface. Wang X et al. [27] found that laser
impact welding also showed a local melting lump as shown in Figure 13 at high welding input energy,
and a platform also appeared on the EDS (Energy Dispersive Spectrometer) concentration curve.
According to previous studies by Akbari and Behnagh [51] and Zhang et al. [33], it is an intermetallic
compound. Therefore, in laser impact welding, with high laser energy, melting at the interface also
occurs. EDS can only qualitatively analyze the existing problems of intermetallic compounds. In-depth
analysis is still needed for the composition and shape of intermetallic compounds.

 

Figure 13. EDS (Energy Dispersive Spectrometer) curves of impact weld melting block (reproduced
from [27], with permission of Elsevier 2019) (a) SEM image of aluminum/copper weld interface with
fusion block; (b,c) EDS curves at positions 1 and 2.

For laser impact welding, the interface is generally no obvious melting phenomenon and
the intermetallic compounds [24]. For example, Wang et al. [52] studied the laser impact welding
of amorphous and crystalline materials. They used XRD to compare and analyze the changes in
amorphous materials before and after laser impact welding. As shown in Figure 14, the EDS curve
is the same as other materials. It is a continuous curve and no intermetallic compounds were found.
In addition, they found that LIW could not cause structural changes in the amorphous matrix.

Chen S et al. [53] and Ning L et al. [54] found that the crystal structure at the interface was destroyed
during an impact, resulting in a disordered organization. The two elements diffused and interacted
with each other in a disordered structure, then, followed into the interior of the ordered crystal structure.
Although the calculated diffusion layer thickness is slightly lower than the experimentally measured
diffusion layer thickness, it provides an effective way to study atomic diffusion at the impact welding
interface. This numerical simulation calculation result is consistent with “liquid film”, that is, the key
to the inter-diffusion of LIW across the bonding interface is the disordered layer of atoms produced
by the impact. In the future, high-precision characterization technology and numerical simulation
technology are expected to reveal the atomic diffusion mechanism of laser impact welding interface.
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Figure 14. EDS concentration curve for laser impact welding of crystal and amorphous materials [52].

4. Mechanical Properties of Laser Impact Welding Interface

4.1. Laser Impact Welding Interface Strength

The welding area of laser impact welding is a millimeter-sized ring, and it is difficult to measure
its area under mechanical testing in real-time. Therefore, the maximum force (N) that can be achieved
in the tensile fracture of the welded joint is usually used to characterize the bonding performance of
the welded joint. The test methods mainly include the peeling test and shearing test [24,28], as shown
in Figure 15.

 
Figure 15. Test method for bonding force of welded joints (a) shearing test and result (reproduced
from [28], with permission of Elsevier 2019); (b) peeling test and result (reproduced from [24] with
permission of Laser Institute of America 2016).

The mechanical properties of laser impact welded joints are generally considered to be related to
energy density, welding area, and flyer thickness. The improvement of bonding force is affected by
the higher the energy density, the larger the welding area, and the thicker the flying piece. As mentioned
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above, the higher the energy density, which leads to more generation of interface waves. It can be seen
as increasing the bonding force by increasing the welding area and “mechanical interlocking”.

According to the failure location, laser impact welding can be divided into joint damage failures
under low energy state and matrix damage failures under high energy state. The joint failure under
low input energy is shown in Figure 16a,c,e. The joint bonding force is lower than the strength of
the matrix, and the failure location is located in the joint, which is mostly brittle fracture; the matrix
fails under high input energy. As shown in Figure 16b,d,f, the strength of the metallurgical joint is
higher than the strength of the matrix, and the failure location is in the matrix, which is generally
ductile fracture. Therefore, when the input energy is low, the input energy can be increased to increase
the joint bonding force, and when the input energy is high, the thickness of the weldment can be
increased to directly strengthen the target material and improve the damage resistance [27].

 
Figure 16. Two forms of failure (reproduced from [27], with permission of Elsevier 2019) (a,c,e)
Low-energy joint failure; (b,d,f) High-energy base metal failure.

4.2. Interface Hardness of Laser Impact Welding

In addition to the bonding force, the nanoindentation experiment is used to test the hardness
of the tiny interface area to characterize its strengthening under the high-speed impact. As shown
in Figure 17, the laser impact welding joint is impact-strengthened, and the hardness is higher.
The hardness of the matrix on both sides of the joint gradually decreases from the interface. However,
the hardening effect is different for LIW (Laser Impact Welding) and MPW (Magnetic Pulse Welding)
due to the different input energy. The higher hardness at the same position is affected by the more
energy input [33].

Laser impact welding is a transient, high-temperature, and high-pressure process. The microstructure
of the material undergoes abrupt changes, such as the increase in dislocations, the refinement of grains,
and the formation of cellular structures, which change the properties of the material. On the one hand,
the welded joint produces high-rate strain plastic deformation strengthening under impact; on the other
hand, the rapid plastic deformation during the impact process will generate a lot of heat and cool down in
a short period, which can be regarded as a quenching process [28,33,55,56].

However, it should be noted that the formation of brittle intermetallic compounds will also
significantly increase its hardness. Therefore, to evaluate its performance, the bonding force of
the welded joint and its hardening degree should be considered together.
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Figure 17. Hardness of weld interface with MPW (Magnetic Pulse Welding) and LIW (Laser Impact
Welding) (reproduced from [33], with permission of Elsevier 2011).

5. Conclusions and Prospects

The principle and process of impact welding are described, and the difference between laser
impact welding and another impact welding is illustrated above in this work. It also describes
the research progress in recent years, and summarizes its application prospects, the difficulties in
industrial applications and the mechanism problems currently to be studied as follows:

1. In the laboratory research stage, the development of laser impact welding technology has made
great progress, realizing the joining between a variety of dissimilar materials, including the joining
between amorphous and crystalline and multilayer composite materials. It shows that laser
impact welding has a good application prospect in the joining of dissimilar materials.

2. Laser impact welding still has problems such as the rebound of the flyer, the surface damage of
the flyer, and the small welding area. It is necessary to use a higher energy laser to try a larger
welding area and use a “buffer layer” to solve the problem of center spring back. Before industrial
applications, it is necessary to further optimize the laser impact welding process and design
evaluation standards for the performance of welded joints.

3. The evolution of the microstructure of the laser impact welding interface is complex, the mechanism
of interface atom diffusion is not clear, and the existence of micro-domain melting at the interface
has not been confirmed. The discovery of the interface bonding mechanism requires more
in-depth research on the atomic scale.
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Abstract: The effect of rolling temperatures on the interface microstructure and mechanical properties
is investigated using 2-mm-thick TA1/Q235B composite sheets, which were prepared after nine passes
of hot rolling of explosive welded plates. The results show that the vortex region and the transition
layer exist in the interface at the explosive welded plate, while only the transition layer exists in the
interface after hot rolling. The transition layer is composed of α-Ti, TiC, Fe, and FeTi, and the thickness
increases with the increasing rolling temperature. The microhardness of the explosive welded plate is
higher than that of the hot-rolling sheet, and the microhardness of interface are higher than that of
matrix metals. The interface shear strength and tensile elongation of the hot-rolled sheet increase
with the increasing hot rolling temperature, while the ultimate tensile strength (UTS), yield strength
(YS) and Young modulus decrease with the increase of hot rolling temperature. The shear strength of
sheets is related to the interfacial compounds, and the tensile strength is mainly affected by the grain
morphology of the matrix.

Keywords: TA1/Q235B composite sheets; rolling temperature; explosive welding; microstructures;
mechanical properties

1. Introduction

As an important metal-based material, bimetallic composite sheets have been widely used in
petroleum, chemical, metallurgy, light industry, electric power, seawater desalination, shipbuilding,
marine engineering, and other industries due to their unique physical chemical and mechanical
properties [1–7].

As an efficient welding method, explosive welding has been widely used in preparing
heterogeneous metal composite plates [8–10]. During explosive welding, the high pressure forces
the different metals to achieve close contact at atomic level, promoting an excellent metallurgical
combination. At the bonding interface of the two metal plates, the high pressure caused by the
explosion provides energy for the joint process, and causes the flyer plate to impact with the base
plate at a high speed. At high pressure, the thin flyer plate presents a dual solid–liquid state at
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the joint, and forms a jet to remove the contaminants and improves the quality of joint. Besides,
high pressure can reduce the residual stress of the structure, thus reducing the deformation during
explosive welding [11–13]. In addition, explosive welding is not limited by the shape and area of
materials. This method can combine the excellent properties of different materials to obtain high
bonding strength and good machining performance.

Titanium and titanium alloys are characterized by high specific strength, high temperature
resistance, low density and good corrosion resistance, but their production costs are relatively
high [14,15]. Carbon steel not only has weldability, formability, and thermal conductivity, it is also
very cheap [16,17]. When titanium/steel bimetallic composite material is used as corrosion-resistant
structural material in chemical equipment and marine engineering, it makes full use of the advantages
of the two metal materials, especially the high specific strength and corrosion resistance of titanium,
and also significantly reduces the material cost compared with pure titanium material.

Titanium and steel are difficult to combine by traditional welding methods due to their different
lattice types, large difference in atomic radius and weak mutual solubility. In addition, a large number
of intermetallic compounds (such as FeTi and Fe2Ti) forming in the weld after welding will worsen
the performance of the welded joint. As a strong carbide forming element, titanium will combine
with carbon to form brittle TiC, which further increases the brittleness of the welding joint [18,19].
In addition, due to the different linear expansion coefficients of the two metals and a large internal
stress, the welding joint is prone to crack. In order to overcome the above shortcomings, explosive
welding has become a common method to prepare titanium/steel bimetallic composite.

In previous literature, many studies reported on the titanium/steel bimetallic composite.
Jiang et al. [18] found that the heat treatment process results in a significant enhancement of diffusion
and microstructural transformation in explosive-rolled Ti-Steel clad plate. Besides, TiC has formed
near the carbon steel side and the bonding surface was fractured at the TiC first through tensile
tests. Chu et al. [20] combined experimental and numerical approaches to quantitatively investigate
microstructure evolution and mechanical properties of Ti/Fe explosive-bonded interfaces, finding that
the Ti/Fe interface features a wavy structure with melted zones embedded in the crests. The relationship
between microstructure and mechanical properties was established. Li et al. [21] found that the
σ phase was continuously distributed at the bonding interface, when the rolling temperature was
1223K, reducing the yield strength and ultimate tensile strength of the titanium/steel composite plate.
Arisova et al. [22] investigated the influence of explosion welding and hot rolling on the explosive
welding-rolled five-layer titanium-steel composite micromechanical properties, structure, and phase
composition, founding that local melted zones formed by solid solutions based on titanium and iron
because of explosive welding and the diffusion zones on all boundaries as a result of rolling.

In this paper, in order to obtain thin titanium/steel composite sheets, the explosive welded
TA1/Q235B thick composite plate was hot-rolled at different temperatures. After nine passes of rolling,
the 20-mm-thick explosive composite plate became a 2-mm-thick explosive-rolling composite sheet.
The explosive welding and hot rolling can combine the advantages of the two separate methods.
Explosive welding realizes the metallurgical bonding of TA1/Q235B, and hot rolling eliminates the
defects of explosive welding and optimizes the structure. The study on the effect of rolling temperature
on the interface microstructure and properties of the TA1/Q235B composite sheets can provide reference
for the preparation of the titanium/steel composite sheets.

2. Materials and Methods

2.1. Raw Materials and Multi-Pass Rolling

The 17-mm-thick carbon steel plate (Q235B: C-0.18%; Mn-0.17%; Si-0.13%; S-0.017%; P-0.018%;
Fe-Bal.) and 3-mm-thick commercial pure titanium sheet (TA1: Fe-0.023%; C-0.0024%; Ti-Bal.) were
used as the raw materials for explosion welding. The explosion welded TA1/Q235B composite plates
with a 2000 mm × 1000 mm × 20 mm size were prepared by Hunan Phohom New Material Technology
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Co., Ltd. (Changsha, China). The flyer plate (TA1) and base plate (Q235B) were placed parallel to the
ground and the explosive was spread over the flyer plate. An emulsion explosive was selected and the
explosive process follows the Jones–Wilkins–Lee (JWL) equation as Equation (1), as shown [23].

p = A(1− ω

R1V
)e−R1V + B(1− ω

R2V
)e−R2V +

ωE
V

(1)

where A, B, R1, R2, ω are constants relating to JWL equation, E is the energy per volume, V is relative
specific capacity and p is pressure. Moreover, D (the detonation velocity) and ρ0 (the density of
explosive) are physical parameters relating to emulsion explosive. Before the explosive welding
experiment, according to the physical parameters of the explosive and the characteristics of the flyer
plate and base plate, the JWL equation was simulated and optimized by computer. By adjusting
the constants of the JWL equation, the appropriate explosion equation was obtained, and then the
explosive welding experiment was carried out. The relevant parameters of the JWL equation and the
physical parameters are shown in Table 1.

Table 1. The parameters of the Jones–Wilkins–Lee (JWL) equation and physical parameters.

Parameters
A

(GPa)
B

(GPa)
R1 R2 ω

D
(m/s)

V E (kJ/m3)
ρ0

(g/cm3)
p

(GPa)

Value 8.615 0.818 3.754 0.807 0.01 2100 1 5.252 × 105 0.8 1.278

The preparation process of the TA1/Q235B sheets is shown in Figure 1. The size of explosive
welded TA1/Q235B plates is 1000 mm × 2000 mm × 20 mm (3-mm-thick TA1 plate and 17-mm-thick
Q235B plate). The sample with a size of 40 mm × 50 mm × 20 mm was cut from the center of the
explosive welded TA1/Q235B composite plate with wire-electrode cutting. Then the samples were
hot rolled at the temperatures of 1003 K, 1053 K and 1103 K, respectively. The rolling direction was
consistent with the explosive direction. After nine passes of hot rolling, the TA1/Q235B sheets were
obtained. The thicknesses and reduction of TA1 and Q235B before and after hot rolling are shown
in Table 2.

Figure 1. Schematic diagram of the preparation process of 2-mm-TA1/Q235B composite sheets.

Table 2. The thickness and reduction of TA1/Q235B Sheets.

Materials Thickness Before Rolling (mm) Thickness After Rolling (mm) Reduction (%)

TA1 3 0.4 86.7
Q235B 17 1.6 90.6
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2.2. Microstructure and Mechanical Properties

The metallographic samples were parallel to the rolling direction (as Figure 2a shown),
and examined with an optical microscope (OM, 4XC-II, Shanghai Optics Instrument Factory Inc.,
Shanghai, China). The interface microstructure and tensile fracture morphology are observed on
scanning electron microscopy (SEM, QUANTA-200, FEI Inc., Hillsboro, OR, USA). The EBSD analysis
is performed on a scanning electron microscope (SEM, SIRION 200, FEI Inc., Hillsboro, OR, USA)
equipped with an electron backscatter diffraction (EBSD) analyzer (XM4-Hikari, EDAX Inc., Mahwah,
NJ, USA). The accelerating voltage was 20 kV, working distance was 10 mm, and the step size of
data acquisition was 100 nm. The element distributions near the interface are analyzed with energy
dispersive spectroscopy (EDS, GENESIS60S, EDAX Inc., Mahwah, NJ, USA) and electron probe
micro-analysis (EPMA, JXA-8230, JEOL Ltd., Tokyo, Japan), respectively. The surfaces in both the
TA1 and Q235B were peeled with a mechanical method and characterized by X-ray diffraction (XRD,
D/Max 2500, Rigaku Inc., Tokyo, Japan), using Cu Kα radiation scanning range from 30◦ to 90◦ at a
step size of 0.02◦.

 

Figure 2. Schematic diagrams of specimen for (a) metallographic specimen, (b) tensile test, and (c) tensile
shear test.

The microhardness tests was performed at a Vickers hardness tester (200HVS-5, Huayin Inc.,
Shandong, China), the load was 19.61 N and the holding time was 10 s. The tensile shear tests and
tensile tests were repeated three times on the MTS-810 test machine (MTS Inc., Eden Prairie, MN, USA)
at a constant strain rate of 2.5× 10−3 s−1 at room temperature (298 K). Moreover, the tensile direction was
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parallel to the rolling direction. The size of tensile specimen and the shear specimens (GB/T6396-2008
standard) are shown in Figure 2b,c and the shear strength was calculated by Equation (2).

τ =
F
bd

(2)

where F is the applied peak force, b is the notches distance and d is the bonding width of the specimen.

3. Results and Discussion

3.1. The Interface Microstructure of the Explosive Welded Plate

The typical interface microstructure of explosive welded TA1/Q235B composite plate is shown in
Figure 3. It exhibits a typical periodic wave and the wavelength is about 400 μm (Figure 3a). The wave
interfaces of the TA1/Q235B composite plate are divided into two categories: The vortex region is
shown in Figure 3b and the transition layer as shown in Figure 3c. The wave expands along the
effective bonding area of titanium and steel hinders crack propagation, which is an ideal microstructure
of a welded joint [24]. The vortex region is composed of titanium and steel, and the transition layer is
composed of compounds [25,26].

 

Figure 3. (a) SEM of the TA1/Q235B interface: (b) the vortex region and (c) transition layer.

Figure 4a shows the details of vortex region at higher magnifications. The Ti and Fe element
distributions measured by EDS mapping are displayed in Figure 4b,c, respectively. The Ti element is
marked in green, and the red represents Fe element. It can be seen that the vortex region is a mixture of
the two melted elements. The segregation of Fe (red) can be observed in the center of the melted vortex
region, while Ti (green) is uniformly distributed in the red areas (Fe element). In addition, a wide
red layer can be found in the crest, revealing the liquid steel flow from the high-pressure part to the
low-pressure part. When titanium and carbon steel collide at high temperatures, pressures and speed,
the accumulated heat does not have enough time to transfer outwards, causing the carbon steel and
part of the titanium to melt at 1811 K. The most deformed steel melts first at the bonding interface,
while the titanium does not directly melt. Only when more liquid steel flows to the titanium part and
is mixed with the molten titanium can the vortex region be formed; this can explain why Fe dominates
the central vortex region. Finally, under the action of relatively low wave-front pressure, the mixture
of liquid steel and titanium accumulates gradually and flows towards the vortex region along the
direction of the wave crest.
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Figure 4. (a) SEM microstructure of melted vortex regions of TA1/Q235B welded plate (b) EDS map for
Ti (Green) and (c) Fe (Red).

Another interface is a transition layer. As seen from Figure 5a, the large proportion of microscopic
interface is widely distributed at the joint surface of the two metals. They tend to present behind the
waveform. The energy dispersive spectroscopy (EDS) element line distribution in Figure 5b also shows
the concentration gradient distributions of the two elements in the transition layer, indicating that
the diffusion of titanium and carbon steel occurred in the transition layer. Additionally, because the
pressure behind the wave is lower than at the peak, the metal in the transition layer is less likely to
melt compared to the vortex region. When the two metals explosive welding, the heat generated by
the collision is difficult to spread and accumulated at the back of the wave [27]. Although the metal
in the transition layer did not melt, high temperature and friction region during the explosion were
caused by collision, more importantly, which also caused the atoms of two metals to diffuse rapidly,
creating a concentration gradient.

 

Figure 5. (a) SEM microstructure of transition layer, and (b) EDS element line distribution for Ti (Green)
and Fe (Red) in transition layer of explosive welded TA1/Q235B plate.

3.2. The Interfacial Microstructure of Hot-Rolled Sheets at Different Temperatures

The interface SEM microstructure of TA1/Q235B hot rolled sheets at different temperatures (1003 K,
1053 K and 1103 K) is shown in Figure 6. The vortex region disappears after hot rolling, and the
interfacial is straight linearity. The transition layer is obvious. With the increases of rolling temperature,
the width of transition layer increases from 3 μm (1003 K) to 4.5 μm (1053 K), and finally reaches 5 μm
at 1103 K.
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Figure 6. Interface SEM microstructure of TA1/Q235B sheets hot-rolled at (a) 1003 K, (b) 1053 K,
(c) 1103 K.

The TA1 layer and Q235B layer of the 1103 K hot-rolled composite sheet were separated by a
mechanical method, and each of the two separated surfaces were tested by XRD. Figure 7 shows the
XRD patterns of the two surfaces. It indicates that the interfacial compounds are primarily TiC and FeTi,
and Ti mainly exists in the form of α-Ti rather than β-Ti, because the rolling temperature is not high
enough to reach the phase transition temperature. The TiC and FeTi compounds are high-temperatures
phases, which have relatively high hardness and low ductility. In addition, the FeTi distributes mainly
in the carbon steel side, while TiC distributes on both sides. When the rolling temperature is lower
than the phase transition temperature (1155 K) of titanium, the solid solubility of Fe in α-Ti is lower
than that of Ti in Fe; therefore, Ti is easier to diffuse into Fe. During cooling after rolling, the FeTi
intermetallic compound is formed in the Q235B layer. Due to the strong combining capacity of Ti and
C, TiC compounds are easily formed at the interface.

Figure 7. XRD patterns of both separation surfaces of TA1/Q235B hot rolled sheet.

The Figure 8 shows the distribution of C element in the TA1/Q235B interface. The thickness of
the C element gathering region decreases from 5 μm at 1003 K to 2 μm at 1103 K. With the increase of
rolling temperature, the distribution of the C element gathering region shows a substantial decrease
along with the transition layer. At 1003 K, the diffusion of Ti in Q235B is very slow, and the TiC is
formed preferentially at the interface, which hinders the grain boundary diffusion of Ti element and
delays the formation of FeTi intermetallic compounds. Due to the high temperature and inhibition
effect on carbides TiC [19], the amount of FeTi increases and that of TiC decreases, when the rolling
temperature rises to 1103 K.
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Figure 8. Electron probe micro-analysis (EPMA) for C element distribution in the interface of TA1/Q235B
hot-rolled sheets at the temperatures of (a) 1003 K (b) 1053 K (c) 1103 K.

Figure 9 shows the EPMA element distribution of Ti and Fe in the interface of hot-rolling
TA1/Q235B sheets at different temperatures. It can be seen that the interface of the two metals indicates
the element concentration gradient of Ti and Fe. From the Ti distribution maps in Figure 9b,e,h, it can
be found that titanium diffuses to 3 μm, 4.5 μm, and 5 μm to the Q235B when the rolling temperature
is 1003 K, 1053 K, and 1103 K, respectively, while in the Fe element distribution map from Figure 9c,f,i,
Fe diffuses less than 3 μm to the titanium owing to the titanium diffusion coefficient in steel is much
larger than that of Fe in Ti [28,29].

The composition of diffusion layers are two different interfacial compounds, the carbide TiC
forms earlier, and FeTi forms later. The main factor affecting the composition of TA1/Q235B composite
plate is the carbide TiC and the interface intermetallic FeTi. In addition, the growth rate of interfacial
compounds varies from the rolling conditions. Figures 8 and 9 show that TiC layer is always thicker
than the FeTi layer, which is attributed to the segregation of C element in the transition layer and
it distributes linearly along the bonding interface of the Q235B. Atoms can spread along the grain
interface, and the interface of Q235B provides a rapid diffusion channel for C and Ti atoms [30], so TiC
generates more rapidly than FeTi.

The EBSD IPF mapping of TA1/Q235B sheets hot rolled at different temperatures is shown in
Figure 10. The size of the grain gradually increases with the increasing rolling temperatures both
in the TA1 and Q235B. In the Q235B, the grain is pulled into strips because of hot rolling, and the
recrystallization of the grain occurs at a relatively high temperature [31]. While the grain grows from
about 10 μm in 1003 K to about 30 μm in 1153 K in the TA1. In addition, there are some new grains
generated due to the breakage and refinement of the original grains.

3.3. Mechanical Properties of TA1/Q235B Sheets Hot-Rolled at Different Temperatures

Figure 11 shows the microhardness and test schematic of explosive welding plates and hot-rolled
sheets at different temperatures. Since the thickness of the sheet is only 2 mm after rolling, it is difficult
to test the hardness gradient along a straight line, and to ensure that the adjacent test points are
far enough so the test method as shown in Figure 11a,b is adopted. The microhardness of matrix
metals is measured at the distance of 225 μm near the bonding interface, as shown in Figure 11b.
Assuming that the interface bonding is the origin, the direction from the interface to Q235B side is
positive. TA1, Q235B and the interface are tested five times, and the results are averaged. The interface
microhardness distribution is shown in Figure 11c. The microhardness of the explosive welded plate is
higher than that of the rolled sheets and the hardness of the matrix, and the interface decreases with the
increase of the rolling temperature. The microhardness of the interface is higher than that of the matrix.
The maximum interface microhardness is 217.8 HV at the explosive welded plate, with an increase of
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rolling temperature, which is gradually decreases to 184.2 HV. When the rolling temperature rises,
the change of interface microhardness is related to the amount of TiC (as shown in Figure 8), while the
decrease of TA1 and Q235B matrix microhardness is related to the recrystallization grain size (as shown
in Figure 10).

Shear strengths, yield strength (YS), ultimate tensile strength (UTS), maximum elongation and
Young’s modulus of rolled sheets under different temperatures are shown in Figure 12. With the
increase of the rolling temperature from 1003 K to 1103 K, the shear strength of the composite sheet
increases from 142.1 MPa to 171.4 MPa. The interface shear strength of the TA1/Q235 composite sheet
is affected mainly by the interface brittle compounds. It can be seen from Figure 8 that the amount of
the C element in the transition layer decreases when rolling temperatures rises, it means the amount of
brittle TiC decreases with the increase of rolling temperature. Hence, the formation of brittle carbides
in TiC may suppress by the increasing rolling temperature, and the shear strength improved with the
disappearance of brittle compounds TiC at a relatively high rolling temperature.

 

Figure 9. Electron probe micro-analysis (EPMA) element distribution in the interface of TA1/Q235B
sheets hot rolled at (a–c) 1003 K, (d–f) 1053 K and (g–i) 1103 K, (a,d,g) are microstructures, (b,e,h) are Ti
elements and (c,f,i) are Fe elements.
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Figure 10. EBSD Inverse pole figure (IPF) mapping of TA1/Q235B sheets hot rolled at the temperature
of (a) 1003 K (b) 1053 K (c) 1103 K.

Figure 11. (a) Micrograph of microhardness test (b) schematic of microhardness test (c) microhardness
of explosive welding plate and different temperatures rolled sheets.

Figure 12. The tensile stress-strain curves and mechanical properties of TA1/Q235B composite sheets at
different rolling temperatures.
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The YS and UTS of hot rolled TA1/Q235 sheets decrease with the increase of rolling temperature.
After rolling at 1003 K, the maximum YS and UTS of the hot rolled sheet are 517.6 MPa and 558.7 MPa,
respectively. The sheet rolled at 1103 K shows lower yield strength (414.0 MPa) and ultimate tensile
strength (438.1 MPa) than that rolled at 1003 K and 1053 K. The lower strength of 1103 K rolled sheet
is due to the increase of recrystallization in titanium and carbon steel matrix at higher temperature
(as shown in Figure 10). The increase of recrystallization also leads to a gradual increase in elongation.
The Figure 12 also shows that the rolling temperature has little influence on the Young’s modulus of
the sheet, and when rolling temperature rises from 1003 K to 1103 K, while the Young’s modulus of the
sheet does not change significantly and only decreases slightly.

Figure 13 shows the macroscopic morphology of sheets rolled at different temperatures after
tensile fractured. It can be seen that titanium and carbon steel are separated near the fracture surface.
During the tensile test, the brittle compounds TiC and FeTi in the bonding interface fractured firstly.
Subsequently, the fracture occurred in the matrix metals. Figure 14 shows the SEM fracture morphology
after tensile fracture of samples rolled at different temperatures. It is obvious that interfacial fractures
of the composite sheet rolled at 1003 K is small, and the extent of interfacial fractures increases with the
increasing rolling temperature. It illustrates that the interfacial compounds layer causes the cracks
to initiate in the composite sheets, and crack propagation is more serious with the thicker interfacial
compound layer. It can be seen from Figure 14d–f that the fracture profiles of titanium at different
rolling temperatures are similar in fracture characteristics. The fracture profile of the TA1 plate
includes cleavage fractures, while the fracture profile of carbon steel is a dimple fracture. As shown
in Figure 14g–i, the depth, size, and proportion of the dimple increased with the increase in rolling
temperature, and the plasticity of the composite sheets increased simultaneously [32,33]. The more
in-depth, more extensive, as well as larger proportion of dimple fractures exist on the carbon steel side
of the composite sheet at 1103 K, which is related to the increase in plasticity after proper heating [34].
Because of the appearance of both dimples and cleavage planes in the rolled composite sheet, it infers
that the fractures of TA1/Q235B composite sheets are a mixed-mode of ductile and brittle fractures.

 

Figure 13. (a) The area of SEM of fracture profiles, (b) Macroscopic morphology of sheets rolled at
different temperatures after tensile fracture.
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Figure 14. SEM fracture morphology after tensile fracture of samples rolled at different temperatures:
(a) 1003 K, (b) 1053 K, (c) 1103 K, (d,g) Ti and steel matrices in (a), (e,h) Ti and steel matrices in (b),
(f,i) Ti and Steel matrices in (c).

4. Conclusions

The 2-mm TA1/Q235B composite sheets (TA1 is 0.4 mm and Q235B is 1.6 mm) are fabricated
through explosive welding and nine passes of hot rolling at different temperatures. The microstructure
and mechanical properties were studied and the following conclusions were drawn:

(1) The vortex region and the transition layer microstructures are formed in the TA1/Q235B explosive
welded plate. After hot rolling, only the transition layer exists in the bonding surfaces.

(2) The thickness of transition layer increases with the increase of rolling temperatures. The component
of the transition layer is α-Ti, TiC, Fe, and FeTi. In addition, the fracture is a mixed-mode of
ductile and brittle fractures, which mainly occurred in interface layer.

(3) Due to fragile and hard interfacial compounds, the microhardness of the explosive plate is
higher than that of hot rolled sheets. High temperatures reduce the proportion of brittle TiC
compounds, resulting in an increment of interface shear strength. However, due to the increase
of recrystallization degree of TA1 and Q235B at a high temperature, the yield strength and tensile
strength of the sheet decreased. Furthermore, when the rolling temperature rises, the elongation
increases, while the Young’s modulus shows little change.
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Abstract: The current work presents a detailed investigation for the effect of a wide range friction
stir welding (FSW) parameters on the dissimilar joints’ quality of aluminum alloys. Two groups of
dissimilar weldments have been produced between AA5083/AA5754 and A5083/AA7020 using tool
rotational rates range from 300 to 600 rpm, and tool traverse speeds range from 20 to 80 mm/min.
In addition, the effect of reversing the position of the high strength alloy at the advancing side and
at retreating side has been investigated. The produced joints have been investigated using macro
examination, hardness testing and tensile testing. The results showed that sound joints are obtained
at the low heat input FSW parameters investigated while increasing the heat input results in tunnel
defects. The hardness profile obtained in the dissimilar AA5083/AA5754 joints is the typical FSW
hardness profile of these alloys in which the hardness reduced in the nugget zone due to the loss of
the cold deformation strengthening. However, the profile of the dissimilar AA5083/AA7020 showed
increase in the hardness in the nugget due to the intimate mixing the high strength alloy with the low
strength alloy. The sound joints in both groups of the dissimilar joints showed very high joint strength
with efficiency up to 97 and 98%. Having the high strength alloy at the advancing side gives high
joint strength and efficiency. Furthermore, the sound joints showed ductile fracture mechanism with
clear dimple features mainly and significant plastic deformation occurred before fracture. Moreover,
the fracture in these joints occurred in the base materials. On the other, the joints with tunnel defect
showed some features of brittle fracture due to the acceleration of the existing crack propagation
upon tensile loading.

Keywords: friction stir welding; dissimilar welding; aluminum; mechanical properties; fracture

1. Introduction

AA5754 and AA5083 are aluminum magnesium alloys, and their most prominent
features are the high corrosion resistance and good formability. Thus, they have been
extensively used in pressure vessels, tanks, trucks and shipbuilding [1,2]. AA7020 is a
precipitation-hardened aluminum alloy, demonstrating high strength per weight ratio [3].
The use of the dissimilar alloys leads to the sustainable advantages such as overall cost
reduction and hybrid properties that are available in the two different alloys. Appropriate
joining process and its parameters optimization plays a vital role in the service performance
of these alloys. Challenges like solidification cracking, porosity, intermetallic formation
and so on are present due to the difference in the chemical and physical properties of the
dissimilar alloy’s combinations. Recently, the friction stir welding (FSW) of dissimilar
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aluminum alloys combinations has been studied extensively, which proved the potential of
the process to join these alloy combinations [4–6]. However, improper FSW parameters
give rise to the formation of intermetallic compounds and internal and external defects (e.g.,
tunnel formation, voids, surface grooves and flash) [6–10]. Therefore, the investigation of
FSW parameters is very important for obtaining defect-free joints with good mechanical
properties. The placement of the higher strength aluminum alloys at the advancing side
(AS) or at the retreating side (RS) affects material flow as it strongly influences material the
stirring and flow behavior [10,11]. This can be a crucial parameter affecting the final joint
microstructure, particularly when the selected combinations of base material (BM) have
significant differences in their mechanical properties, microstructure and texture [4,12–16].
Some researchers studied the effect of the placement of BM on the material flow and
the resulting FSWed microstructure and the mechanical properties [17,18]. Palanivel
et al. [15] revealed that the tool rotational rate and tool pin profiles affected the AA5083-
H111/AA6351-T6 joint strength because of the loss of cold work in the heat affected zone
(HAZ) of AA5083 side, dissolution and over-aging of precipitates of AA6351 side and
macroscopic defects formation in the weld zone. Jannet and Mathews [17] concluded
that the AA6061 T6/AA5083 O joints fabricated at tool rotational rate of 900 rpm yielded
a higher tensile strength than those fabricated at 750 rpm contributed by the thorough
plastic flow and dissolving of dissimilar alloys and due to reduction in heat generated
from plastic flow of the metal at 750 rpm. Park et al. [18] showed that the materials were
more properly mixed when the AA5052-H32 was in the AS and the AA6061-T6 was in
the RS than the reverse case on RS. Leitao et al. [19] reported that the global mechanical
behavior of the AA6016-T4/AA5182-H111 welds was a 10–20% strength reduction relative
to the base materials and important losses in ductility. Khanna et al. [20] concluded that
softer alloy should be placed on AS with tool offset towards it for better FSWed AA6061-
T6/AA 8011-H14 qualities. Kailainathan et al. [16] showed that the tensile strength of the
6-mm-thick AA6063/AA8011 joints was increased with the increase in the tool rotational
speed due to the uniform temperature distribution at the weld region. However, beyond
1200 rpm, an adverse effect was noticed due to the distortion in the weld region. Abd
Elnabi et al. [21] reported that the traverse speed has the highest contribution to the process
for ultimate tensile strength of AA5454/AA7075 joints. Cole et al. [22] estimated that the
AA6061/AA7075 joint strength was improved with decreasing the power input to the
weld because of the sensitivity of alloy to heat input and weld temperature. The work
of Ouyang and Kovacevic [23] suggested that the lower-strength alloy should be placed
on AS for obtaining a better weld quality. Gerard and Ehrstrom [24] mentioned that the
material with the higher solidus temperature should be on the AS not only for joint quality
improvement but also for internal defects/porosity elimination. Guo et al. [25] revealed
that the material mixing is much more effective when AA6061 alloy was located on the AS
for AA6061/AA7075 joints. The ultimate tensile strength of the joints increases with the
decrease of the heat input induced by friction. Kim et al. [26] demonstrated that excessive
agglomerations and defects generated by joints when the high strength Al alloy on the AS
of AA5052/AA5J32 are placed due to limited flow of material. Lee et al. [27] concluded
that the mechanical properties of the stir zone showed higher values when AA6061 were
positioned at the RS due to the complex microstructure of the stir zone. On the other hand,
Jonckheere et al. [28] showed that material flow and joint quality are more dependent on
the FSW conditions and their effects on heat input and temperature distribution in weld
nugget, regardless of BM placement. Due to the material plastic flow during FSW, the heat
generation is controlled by tool rotation and welding speed [29–31]. However, very high
rotation speeds lead to macroscopic defects because of the excessive heat input [1,32–34].
To the author’s knowledge, the FSW of AA5083/AA5754 and AA5083/AA7020 have
not been reported in the open literature. The present work focuses on the influences of
FSW parameters more deeply including the traverse speeds (20–80 mm/min) and AS/RS
positions of base materials on the quality and the mechanical properties of the dissimilar
AA5083/AA5754 and AA5083/AA7020 joints.
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2. Experimental Procedure

2.1. Materials

Three commercial aluminum alloys AA5083-O, AA5754-H14 and AA7020-T6 were
chosen for producing dissimilar friction stir butt welds. The alloys were purchased in the
form of rolled plates of 10 mm thick. The butt welds were designed to be 200 mm total
width which composed of two plates; each plate was 100 mm wide and 200 mm long. The
nominal chemical compositions of the parent materials are listed in Table 1. Moreover, the
tensile strength, temper condition and hardness of the parent materials are summarized in
Table 2.

Table 1. Nominal chemical composition of aluminum alloys AA5083, AA5754 and AA7020.

Alloy
Elements in wt.%

Si Fe Cu Mn Mg Zn Cr Ti Al

AA5083 0.40 0.40 0.10 0.4–1.0 4.0–4.9 0.25 0.05–0.25 0.15 Bal.
AA5754 0.40 0.40 0.10 0.50 2.6–3.6 0.20 0.30 <0.15 Bal.
AA7020 0.35 0.40 0.20 0.05–0.50 1.0–1.4 4.50 0.1–0.35 <0.35 Bal.

Table 2. Mechanical properties of the aluminum alloys AA5083, AA5754 and AA7020.

Alloy Condition Tensile Strength, MPa Hardness, HV

AA5083-O Annealed 233 68

AA5754-H14 Strain hardened-1/2 hard 251 74

AA7020-T6 Solution heat treated and
artificially aged 364 117

2.2. Friction Stir Welding Procedure

The welding process was performed on the friction stir welding machine (EG-FSW-M1)
at Suez University. This machine has been locally designed and manufactured in Egypt. The
main motor power of this machine is 30 HP (22 kW) and can deliver torque up to 100 N·m,
rotational speed up to 3000 rpm and tilt angel up to ±5◦. The travel speed of the table
up to 1000 mm/min. The tool design is an important parameter in FSW processes, which
influences the heat generation, plastic flow, the resulting microstructure and mechanical
properties of the welded material. The used rotating tool was of a cylindrical threaded
pin with scrolled shoulder made of H13 tool steel that heat treated to obtain hardness of
50 HRC. The shoulder diameter was 25 mm, the pin (probe) diameter was 8 mm, and pin
height was 9.8 mm, which is slightly less than the material thickness (10 mm). The angle
between the edge of shoulder and the pin was 3◦. The configuration of the tool used in this
study is shown in Figure 1.

The hardness of the as-received tool steel was 25.3 HRC. After manufacturing the FSW
tool, it has been hardened by heating to 950 ◦C and holding for 30 min then oil quenched,
then tempered by heating to 550 ◦C and holding for one hour then air-cooled to room
temperature. The heat treatment process was carried out using an electric resistant furnace
of type Nabertherm-1200 ◦C. The hardness of the hardened tool steel was measured as 61
HRC. The tempering process has decreased the tool hardness to 54 HRC. Al alloy plates
were prepared to obtain the required dimensions of 200 mm length and 100 mm width. The
plates were clamped properly on the FSW machine table as shown in Figure 2a, b shows
the butt joint after completing the FSW process.

For the system AA5083/AA5754, the plate of the alloy AA5083 was positioned in the
AS, while the AA5754 plate was in the RS as illustrated in Figure 2a. Workpieces were
rigidly clamped, to prevent the plates from lifting apart during the welding process. For
the system AA5083/AA7020, the plate of the alloy AA5083 was positioned in the AS, while
the AA7020 plate was in the RS for a set of welding conditions. For the same set of the
welding conditions, the plate of the AA7020 was reversed to be positioned in the AS and
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the plate of the AA5083 was in the RS, as shown in Table 3. The welding process progressed
as follows: The tool was rotated and slowly plunged into the workpiece with speed of
0.1 mm/s until the shoulder of the tool forcibly contacts the upper surface of the material.
After that, the tool was traversed along the weld line for a single pass weld. The tool
was tilted by a constant angle of 3◦ against the vertical axis, so that the rear of the tool is
lower than the front. This has been found to assist the forging process and the material
flow during FSW. Table 3 summarizes the different combinations of operating conditions
parameters investigated in this work during FSW. The desired welding parameters are
based on the ongoing research at the authors laboratory in FSW of the different aluminum
alloys of 10 mm thick.

2.3. Macrostructural Investigation

Cross sections of welded joints were prepared for metallographic analysis using
standard metallographic procedure [32]. The samples were etched using Keller’s reagent
for a period of 40–50 s. at room temperature to reveal the macrostructure of the welded
samples and then washed with water and acetone, and then air-dried.

 
 

(a) (b) 
Figure 1. Friction stir welding (FSW) tool used in the FSW experiments (a) Computer aided design (CAD) drawings with
detailed dimensions in mm and (b) image of the used FSW tool.
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Figure 2. (a) The clamping of the plates on the FSW machine table with the advancing side (AS) and
retreating side (RS) indicated and the tool rotation direction indicated also by the red arrow and (b)
Aluminum alloys butt joint on the table after FSW.

Table 3. FSW welding parameters and position of alloys at the AS and RS.

AA5083/AA5754 AA5083/AA7020

Rotation
Speed (rpm)

Travel Speed
(mm/min)

Position
Rotation

Speed (rpm)
Travel Speed

(mm/min)
Position

400
20 AA5083 AS

500
20 AA5083 AS

40 AA5083 AS 40 AA5083 AS
60 AA5083 AS 80 AA5083 AS

600
20 AA5083 AS

500
20 AA7020 AS

40 AA5083 AS 40 AA7020 AS
60 AA5083 AS 80 AA7020 AS

2.4. Mechanical Properties

The materials were mechanically tested before and after FSW for comparison. To have
an insight into the mechanical properties, hardness measurements and tensile testing were
carried out. Vickers macro-hardness tests were performed on the transverse cross-sections
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perpendicular to the welding direction with an interspacing distance of 2 mm using a test
load of 1000 g force and dwell time of a 15 s. To evaluate the tensile properties of the
welded stir zone, transverse flat tensile specimens were used. Specimens were machined
perpendicular to the FSW direction to the dimensions: length of 80 mm, width of 15 mm,
and thickness of 8.5 mm. The specimen’s dimensions agree with the DIN EN10002-1
2001(D) standards. After machining, both surfaces of the samples were flushed to avoid
any dimensional irregularity. Figure 3 shows the dimensions of the tensile specimen
and an image of the sample after tensile testing. Tensile tests were carried out at room
temperature with an initial crosshead speed of 0.1 mm/s using the universal testing
machine Instron 4210, Norwood, MA, USA. The tensile data acquired were analyzed to
determine tensile properties and joint efficiency. The fracture surface of the tension tested
samples was examined using the Scanning Electron Microscope Type: Quanta 250 with a
Field Emission Gun, FEI company (Hillsboro, OR, USA) to determine the failure mode of
the welded samples.

 
Figure 3. The dimensions of the tensile specimen and an image of the sample after tensile testing.

3. Results and Discussion

3.1. Effect of FSW Parameters on the Heat Input

Heat input is one of the important parameters associated with all welding processes
and affects the weld quality and properties. Although, FSW is characterized by low heat
input relative to the fusion welding processes, still heat input plays a significant role in
controlling the joints properties and quality [33]. In this work, the control system in the
FSW machine used allows the recording of the spindle torque T (N·m) that can be used
with the other FSW parameters such as rotational speed ω (rpm) and the welding speed
v (mm/min) to calculate the heat input. Heat input is defined as the heat energy applied to
the workpiece per unit length in the unit of (J/mm). The source of heat generated during
FSW is mainly from the friction between the tool and the stirred material and the heat
input during FSW can be calculated using Equation (1) [33–35]:

Heat Input (J/mm) =
power
speed

= η

(
ωT

v

)
(1)

Where ω =

(
2πr
60

)
(2)
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where T is the torque (N·m), ω is the rotational speed (rpm), v is the linear speed (mm/min)
and η is the efficiency of heat transfer, (η = 0.9) [36,37]. The pseudo heat index is represented
by the ratio of the square of the rotational speed to travel speed (ω2/v). As a function of
FSW parameters, it can be considered a simple heat input metric and a well-known method
to predict the heat generated during FSW. The maximum temperature highly depends on
the rotation tool speed while the heating rate depends on the welding speed at a given
tool geometry and plunge depth. The rotation tool speed term is squared because of its
significant effect on the heat generated during the process [38]. The pseudo-steady-state
welding parameters, calculated heat input and heat index are presented in Table 4.

Table 4. Key pseudo-steady-state welding parameters.

Joint AS-RS ω (rpm) v (mm/min) ω/v Torque
(N·m)

HI (J/mm)
Heat Index

ω2/v

AA5083-
AA5754

400 20 20.0 91 171 8000
400 40 10.0 117 110 4000
400 60 6.7 116 73 2666

AA5083-
AA5754

600 20 30.0 73 206 18,000
600 40 15.0 87 123 9000
600 60 10.0 85 80 6000

AA5083-
AA7020

500 20 25.0 87 205 12,500
500 40 12.5 91 107 6250
500 80 6.3 65 39 3125

AA7020-
AA5083

500 20 25.0 101 238 12,500
500 40 12.5 85 100 6250
500 80 6.3 104 62 3125

For the joints AA5083/AA5754, Figure 4a shows that the relatively high travel speed
(60 mm/min) with low rotational speed (400 rpm) resulted in low ω/v value (6.66) and
consequently low heat input value. Decreasing the welding speed to 40 mm/min for the
same rotational speed of 400 rpm in Figure 4a increased the ω/v value to 10, leading to an
increase in the heat input level. In Figure 4a, although the value of is the same (ω/v = 10)
for a travel speed of 60 mm/min and rotational speed of 600 rpm as that in Figure 4a,
the increased travel speed of 60 mm/min has showed a more dominant effect than the
rotational speed (600 rpm) and resulted in decreasing the HI level. For the other system of
joint (AA5083/AA7020; Figure 4b), the heat input can be interpreted in the same manner
as explained in Figure 4a. The increased level of ω/v value (25) in Figure 4b (500 rpm
and 20 mm/min) has resulted in obvious increase in the heat input level which reach the
value of 261 J/mm. Changing the arrangement of the plates from AA5083/AA7020 to
AA7020/AA5083 for the same ω/v value (6.25) has showed no difference in the power and
heat input values, as shown in Figure 4b.

3.2. Joint Appearance and Internal Quality

To investigate the joint appearance, the top surfaces of all joints have been visually in-
vestigated and pictured. Figures 5 and 6 show the top view of the FSWed AA5083/AA5754
and AA5083/AA7020, respectively. It should be mentioned here that the alloys position at
the AS and RS has been ignored in case of the alloys of the same series AA5083/AA5754,
while this parameter has been taken into consideration in case of the different series alloys
AA5083/AA7020. Figure 5 clearly shows top surfaces free of any surface defects almost at
all FSW conditions investigated for this group of alloys except the tool pin breakage at the
600-rpm rotation rate and both 40 and 60 mm/min traverse speeds. The position of the tool
breakage is indicated in each top surface by a black arrow. This breakage of the tool pin at
the high tool rotation rate and the high tool traverse speed can be attributed to the increase
in the applied pressure at the high welding speeds to keep the plunge depth constant. In
terms of the flash at the top surface, it is almost minimum under all conditions.
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Figure 6 shows the top surface of the FSWed AA5083/AA7020 and AA7020/AA5083
at the same welding conditions for each combination. The surfaces are clearly free of
any surface defects expect little flash at the AS especially in case of AA5083/AA7020 that
have reduced by reversing the alloys position. Moreover, the reversing alloys position has
resulted in tool pin breakage at the highest welding speed condition in the combination
AA7020/AA5083. This can be attributed to the resistance of the high strength alloy at the
AS especially at the high welding speed of 60 mm/min.

Similar surface features can be visualized in the FSWed joints AA5083/AA7020 and
AA7020/AA5083 shown in Figure 6. In some samples, the plasticized flash became clear
thick as shown in samples welded at low travel speed (20 and 40 mm/min) where the
heat input is higher, and the material is more ductile. This thick flash could be also related
to the high applied pressure by the shoulder which leads to excessive penetration of the
shoulder in the hot stirred material. At higher travel speed (80 mm/min, Figure 6) the
formed flash is thin, discontinuous, and easily dethatched from the FSWed samples. One
additional defect is the keyhole formed at the exit of the pin from the material at the end of
the welding pass, which is a characteristic defect in the FSWed samples. Finally, it can be
said that the welded surface showed a relatively minimum amount of flash which consider
as materials loss due to either a higher plunging force or a hotter condition, e.g., a higher
rotational speed and/or a lower traverse speed as it will be discussed in studying the FSW
heat input.

Figure 4. Calculated heat input of friction stir welded joints at different rotation and traverse
speeds (i.e., at different ω/v ratios) versus the relative pass time (ti/ttotal) for FSW for the joints (a)
AA5083/AA5754 and (b) AA5754/AA7020.
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Figure 5. Surface appearance of friction stir welded AA5083/AA5754 joints at different rotation and
traverse speeds: (a) 400 rpm, 20 mm/min, (b) 600 rpm, 20 mm/min, (c) 400 rpm, 40 mm/min, (d)
600 rpm, 40 mm/min, (e) 400 rpm, 60 mm/min and (f) 600 rpm, 60 mm/min.

 

Figure 6. Surface appearance of friction stir welded joints AA5083/AA7020 at different rotation
and traverse speeds: (a) AA5083/AA7020, 500 rpm, 20 mm/min, (b) AA7020/AA5083, 500 rpm,
20 mm/min, (c) AA5083/AA7020, 500 rpm, 40 mm/min, (d) AA7020/AA5083, 500 rpm, 40 mm/min,
(e) AA5083/AA7020, 500 rpm, 80 mm/min and (f) AA7020/AA5083, 500 rpm, 80 mm/min.
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Figure 7 shows the transverse cross section macrographs of the polished and etched
FSW joints AA5083/AA5754 at rotational speeds of 400 and 600 rpm using traverse speeds
of 20, 40 and 60 mm/min. Although several Keller’s’ reagents have been used at different
concentrations to etch the polished sections; the boundaries separating the stirred zone
(SZ) and base material are difficult to identify due to the difficulties of etching the AA5XXX
Al-alloy group. However, the presented transverse cross section macrographs show defect
free joints in two joints out of six made for this combination. The two of the joints welded
at 400 rpm and traverse speeds of 40 mm/min and 60 mm/min are completely sound and
defect-free, while the joint made at welding speed of 20 mm/min contains a tiny tunnel
defect indicated by arrow on the macrograph. This implies that at 400 rpm increasing the
welding speed from 20 mm/min to 40 mm/min and 60 mm/min eliminates the tiny tunnel
defect. The calculated heat input data above indicates that increasing the welding speed
at constant rotation rate results in a decrease of the heat input. The three joints welded at
600 rpm for the same base materials with same arrangement (AS & RS) contain different
sizes of tunnel defect from tiny or small to medium size. This indicates that the high heat
input will result in tunnel defect, and this can be attributed to the change in the friction
condition during the FSW process. There are two friction conditions reported to occur
during FSW based on the FSW conditions or based on the heat input namely sticking friction
and sliding friction [38]. This would result in some frictional slippage at the shoulder.
There could also be instances where the FSW process may alternate between plastic flow
and frictional slippage or a stick-slip mode operating at the shoulder. Alternating boundary
conditions at the interface may act to destabilize the temperature, which may cause stick-
slip oscillations [38]. The AA5083 is reported display poor weldability during FSW due to
the strong influence of the plastic properties at high temperatures, on material flow during
welding, as well as on contact conditions at the tool workpiece interface [39].

Figure 8 shows the optical macrographs of the transverse cross sections of the FSW
joints AA5083/AA7020 and AA7020/AA5083 produced at rotational speed of 500 rpm
and traverse speeds of 20, 40 and 80 mm/min. Etching shows the deformation lines of the
alloy AA7020 (as it is well known in the AA7XXX Al-alloy series) and the welding zone
can be distinguished from the two base plates. The optical macrographs in Figure 8 clearly
show that the boundaries between the nugget zone (NG) and the base materials are well
defined through the whole thickness. The shape of the NG is wide conical near the top
surface due to the large shoulder diameter dominating the stirring and deformation at
the top surface. While it is narrow cylindrical near the lower surface due to the small pin
diameter dominating the stirring and deformation at the lower surface. A transition can be
noted with the conical shape narrowing towards the base. In this transition zone both the
shoulder and the pin are contributing to the stirring and deformation. It can be observed
that the interface near to the AA7020 is clearer and more distinguished regardless of the AS
or RS. This can be due to the effective etching in revealing the micro and macro-features for
this alloy in contrast to AA5083. In addition, it can be observed that the interface near to
the AA7020 is always free of any defects regardless of the position of the alloy in the AS or
RS. Having the AA5083 at the AS has resulted in defect free joint at the welding speed of
20 mm/min, while by increasing the welding speed a very small tunnel defect has occurred
at the AS at the welding speed of 40 mm/min and increased in size at 80 mm/min. These
tunnel defects can be formed due to the insufficient down force applied during the FSW.
This can be attributed to the high resistance of the AA7020 that does not allow the required
pressure for the complete consolidation at the applied constant plunge depth. The level of
the NG region at the top surface is slightly higher than the level of the base material which
supports the scenario of the lack in the applied pressure that causes the tunnel defects.
On the other hand, having the AA5083 at the RS has resulted in two defect free joints at
the welding speeds of 20 and 80 mm/min. At the welding speed of 40 mm/min, a tunnel
defect occurred at the center of the NG near the lower base. This can be attributed to the
low applied pressure during the FSW process.
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Figure 7. Polishing cross-sections of friction stir welded joints AA5083/AA5754 at different rotational
and traverse speeds. Arrows refer to the tunnel defects: (a) 400 rpm, 20 mm/min, (b) 400 rpm,
40 mm/min, (c) 400 rpm, 60 mm/min, (d) 600 rpm, 20 mm/min, (e) 600 rpm, 40 mm/min and (f)
600 rpm, 60 mm/min.
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Figure 8. Cross sections of friction stir welded joints at different rotational and traverse speeds for
AA5083/AA7020 and AA7020/AA5083 after etching: (a,d) 500 rpm, 20 mm/min, (b,e) 500 rpm,
40 mm/min and (c,f) 500 rpm, 80 mm/min.

Table 5 summarizes the defects formed in the produced FSWed joints and the welding
conditions. For instance, it is difficult to relate the formed defect to the welding conditions
such as the rotational speed (ω), travel speed (v) or their combination (ω/v). The general
observation is that the internal defects (pin hole or tunnel) are shifted to the side of the
softer plate (AA5083) and formed in the lower half of the joint away for the part of the SZ
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produced by the rotation of the shoulder. This reflects the positive effect of the pressure
excreted by the shoulder on the SZ.

Table 5. Visual inspection of the macrostructure of cross section of the FSWed joints and the welding
conditions (ω and v).

Joint ω (rpm) v (mm/min) ω/v Surface Thin Flash
and Track Lines

Internal Defect

AA5083/AA5754

400 20 20 - -
400 40 10 thin flash -
400 60 6.66 - -
600 20 30 - pin hole
600 40 15 track lines, thin flash tunnel
600 60 10 thin flash -

AA5083/AA7020
500 20 25 thick flash -
500 40 12.5 thick flash -
500 80 6.25 thin flash tunnel

AA7020/AA5083
500 20 25 thin flash -
500 40 12.5 - pin hole
500 80 6.25 track lines, thin flash -

3.3. Mechanical Properties
3.3.1. Macro-Hardness Distribution

Figure 9 shows the hardness profile measured at the midsection of the transverse
cross sections of the FSWed joints AA5083/AA5754 at 400 rpm with the different welding
speeds in Figure 9a and at 600 rpm with the different welding speeds in Figure 9b. It
can be observed that the hardness is reduced in the weld zone with more reduction by
increasing the rotation rate from 400 rpm to 600 rpm at each welding speed, and this is
mainly due to the increase in the heat input. Moreover, the reduction in the NG hardness
is also affected by the increase in the welding speed at the constant rotation rate. It can
be noted that the NG hardness is reduced more by decreasing the welding speed from
60 mm/min up to 20 mm/min at the constant rotation rate. In terms of the width of the
heat affected zone at each rotation rate, it is reduced by increasing the welding speed.
Generally, this hardness reduction in the weld zone is mainly because of the thermal cycle
on the strain hardened alloys. The thermal cycle leads to softening of the strain hardened
material through the recovery and recrystallization processes that take place during FSW
of the aluminum alloys [40].

Figure 10 shows the hardness profile measured at the midsection of the transverse
cross sections of the FSWed joints AA7020/AA5083 at 500 rpm with AA5083 at the AS
and different welding speeds in Figure 10a and with the AA7020 at the AS and different
welding speeds in Figure 10b. It can be observed that both profiles show almost no
reduction in the base materials hardness in all the heat affected zone of the two alloys;
however, a slight increase in the hardness of the AA7020 alloy can be observed towards
the NG center regardless of its position at the AS or RS. This can be attributed to the solid
solution strengthening that can occur due to the stirring of the dissimilar alloys [41]. On
the other hand, there is a slight decrease in the hardness of the AA5083 towards the NG
center regardless of its position at the RS or the AS. This is mainly because of thermal cycle
on the softening of the FSWed alloy.

3.3.2. Tensile Properties Analysis

The tensile strength properties of the FSW joints are usually compared with those of
the alloy having lower tensile strength [41–43]; here AA5083. For design purposes, the
yield stress is used more frequently than the ultimate tensile strength so that the yield
stress is determined (σ0.2%) for the tested base materials and FSW joints. Relative ultimate
tensile strength (σUTS joint/σUTS 5083) and relative yield stress (σ0.2% joint/σ0.2% 5083) of
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the produced FSW joints were determined from the tensile stress–strain curves. These
relative values (ultimate tensile strength and yield stress) were presented as a function of
the welding speeds as shown in Figure 11. Figure 11a summarizes the tensile properties of
FSWed joints AA5083/AA5754 at different welding speeds of 20, 40 and 60 mm/min and
at rotational speeds of 400 and 600 rpm obtained from the tensile stress strain curves of the
FSW samples and related to the tensile properties of the base alloy.

Figure 9. Hardness values along FSWed joints AA5083/AA5754 at travel speeds of 20, 40 and 60 mm/min and rotation
speeds of (a) 400 rpm and (b) 600 rpm.

Figure 10. Hardness distribution across the joints (a) AA5083/AA7020 and (b) AA7020/AA5083 welded at travel speeds of
20, 40 and 80 mm/min showing the effect of the joint arrangement.
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Figure 11. Relative tensile strength (σUTS joint/σUTS 5083) and relative yield stress (σ0.2% joint/σ0.2% 5083) of the
produced FSW joints against the welding speeds.

As a usual trend, the tensile strength increases with increasing the travel speed and
with decreasing the rotational speed, because of the lower generated heat input which
permits materials softening. This statement can be supported by the relative yield stress
presented in Figure 11a. The relative ultimate tensile strength of FSWed joints is greatly
affected by the internal defects in some samples causing early fracture. FSW of the joints
AA7020/AA5083 at rotational speed of 500 rpm and travel speed of 80 mm/min has
produced joint with ultimate tensile strength comparable with the base alloy AA5083,
while the yield stress is even higher than that of the base alloy Figure 11b. Regardless the
defect happened at a travel speed of 40 mm/min, clamping the higher strength plate as
an AS in friction stir welding of materials with high differences in strength increases the
joint strength.

Figure 12 shows macrographs for the fracture positions of the tensile samples of
AA5083/AA5754 joints at different welding parameters: (a) 400 rpm–20 mm/min, (b)
400 rpm–40 mm/min, (c) 400 rpm–60 mm/min. and fracture locations of AA5083/AA7020
joints at 500 rpm but different travel speeds and positions; (d) AA7020 AS-20 mm/min,
(e) AA7020 AS-40 mm/min and (f) AA7020 AS-80 mm/min. It can be observed that
the fracture occurred at the nugget zone in one joint of AA5083/AA5754 (Figure 12a)
mainly due to the defect while the fracture occurred away from the NG zone in two joints
(Figure 12b,c). In terms of the AA7020/AA5083 joints, it can be observed that the low-
speed joint fracture occurred away from the NG (Figure 12d) and the high-speed joints the
fracture occurred inside the NG (Figure 12e,f) mainly due to the defects noted. The fracture
surface of two samples indicated in Figure 12 are investigated using SEM and EDS analysis.
Clearly, it can be observed that from Figure 13 that the fracture mechanism of the dissimilar
AA AA5083/AA5754 is ductile mode with very clear dimple features as can be seen in
the enlarged micrographs of Figure 13b,c. The inclusions shown in Figure 13d are mostly
aluminum and magnesium oxides as detected by the EDX analysis. The lack of adherence
of such oxide inclusions with the matrix has accelerated the formation of pores around
the inclusions through decohesion between the inclusions and the surrounding material
which make the microcracks initiation by the coalescence of the neighboring pores possible.
With increasing the applied load, the microcracks grow faster and propagate until the
reaching the complete fracture. Figure 14a–d shows the fracture surface SEM micrographs
of the dissimilar joint AA5083/AA7020. Clearly the dimple features are dominating, which
confirms the ductile fracture mechanism.
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Figure 12. Fracture locations of tensile test specimens of AA5083/AA5754 joints at different welding
parameters: (a) 400 rpm–20 mm/min, (b) 400 rpm–40 mm/min and (c) 400 rpm–60 mm/min and
fracture locations of AA5083/AA7020 joints at 500 rpm but different travel speeds and positions; (d)
AA7020 AS-20 mm/min, (e) AA7020 AS-40 mm/min and (f) AA7020 AS-80 mm/min.

 

Figure 13. SEM micrographs of the fracture surface of tensile test sample of AA5083/AA5754 joint
at 400 rpm–60 mm/min, (a) mixed fracture mode (b) brittle fracture features, (c) ductile fracture
features, (d) EDX spot analysis of the points 1 and 2.
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Figure 14. (a,c) SEM images of the fracture surface of tensile test samples of AA7020/AA5083 joint
of AA7020 AS, 500 rpm–20 mm/min; (b,d) show the shape deep dimples.

4. Conclusions

In the present study, dissimilar aluminum alloys (AA5083/AA5754 and AA5083/AA7020)
were successfully joined by FSW at a wide range tool rotation speed of 300–600 rpm, a traverse
welding speed range of 20–80 mm/min and reversing the alloys between the AS and the
RS. From the obtained results the following conclusions can be drawn:

− Sound joints are obtained at the low heat input FSW parameters investigated while
increasing the heat input results in tunnel defects.

− The hardness profile obtained in the dissimilar AA5083/AA5754 joints is the typ-
ical FSW hardness profile of these alloys that reduced in the NG zone due to the
loss of the cold deformation strengthening. However, the profile of the dissimilar
AA5083/AA7020 showed increase in the hardness in the NG due to the intimate
mixing the high strength alloy with the low strength alloy.

− The sound joints in both groups of the dissimilar joints showed very high joint strength
with efficiency up to 97 and 98%. Having the high strength alloy at the advancing
sides gives high joint strength and efficiency.

− The sound joints showed ductile fracture mechanism with clear dimple features, and
significant plastic deformation occurred before fracture. Moreover, the fracture in
these joints occurred in the base materials. On the other hand, the joints with tunnel
defect showed some features of brittle fracture due the acceleration of the existing
crack propagation upon tensile loading.
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Abbreviations

ω: rotational speed, rpm
η: efficiency of heat transfer, %
σ0.2%: 0.2 offset yield stress, MPa
σUTS: Ultimate tensile strength, MPa
AA: Aluminum alloy
AS: advancing side
BM: Base Material
EDX: Energy Dispersive X-Ray
FSW: Friction stir welding
FSWed: Friction Stir Welded
HAZ: Heat affected zone
HI: Heat Input, J/mm
HP: Horsepower
HRC: Hardness Rockwell C
HV: Hardness Vickers
NG: Nugget zone
Rpm: Revolution per minute
RS: retreating side
SEM: Scanning electron microscope
SZ: stirred zone
T: Torque, N·m
TMAZ: Thermomechanical affected zone
v: welding speed, mm/min
WN: Welding nugget
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Abstract: In the present study, a friction welding process was adopted to join dissimilar alloys of Ti-
Al-4V to Nitinol. The effect of friction welding on the evolution of welded macro and microstructures
and their hardnesses and tensile properties were studied and discussed in detail. The macrostructure
of Ti-6Al-4V and Nitinol dissimilar joints revealed flash formation on the Ti-6Al-4V side due to a
reduction in flow stress at high temperatures during friction welding. The optical microstructures
revealed fine grains near the Ti-6Al-4V interface due to dynamic recrystallization and strain hardening
effects. In contrast, the area nearer to the nitinol interface did not show any grain refinement. This
study reveals that the formation of an intermetallic compound (Ti2Ni) at the weld interface resulted
in poor ultimate tensile strength (UTS) and elongation values. All tensile specimens failed at the
weld interface due to the formation of intermetallic compounds.

Keywords: friction welding; Ti-6Al-4V; nitinol; intermetallic compound; fractography; dissimilar
metal joining

1. Introduction

Titanium and titanium alloys are being widely used in several industrial applications
because of their attractive properties, with a low density being one of them [1]. The most
widely used α+β titanium alloy is Ti-6Al-4V (the workhorse grade in the titanium alloy
group). This alloy finds extensive use in the medical industry and aerospace applications,
due to its high specific strength, corrosion resistance, good fracture toughness, fatigue resis-
tance, elevated temperature strength up to 500 ◦C, biocompatibility and weldability [1–4].
Nitinol, or titanium nickelide, belongs to the category of shape memory alloys, and it
consists of an equiatomic alloy of nickel (Ni) and titanium (Ti). Nitinol is applied in the
biomedical, aerospace, sensorics, fashion and automotive industries, as well as in structural
elements and actuators, owing to its shape memory, biocompatibility and pseudoelasticity
properties [5,6].

The joining of Ti-Al-4V to Nitinol would be of great interest for many applications, in-
cluding the hybrid welded structure of an adaptive gas turbine engine’s toothed nozzle [7].
A joint made of Ti-Al-4V joined to Nitinol adds the superelastic behavior of Nitinol to the
excellent biocompatibility and corrosion resistance properties of these alloys. However,
welding Ti-Al-4V to Nitinol is challenging because of differences in their chemical and
physical properties [8–10]. The functional behavior of NiTi alloys is strongly influenced by
the chemical compositions and heat input of welding processes. Fusion welding readily
forms stable intermetallic compounds (Ti2Ni, Ni3Ti) when titanium alloy is welded to
Nitinol. The migration of Ni from Nitinol to the liquid titanium leads to the formation of
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Ti2Ni. These intermetallic compounds contribute to degradation of the mechanical proper-
ties of the welded joints [9–12]. These problems can be avoided by using an interlayer in
between the Ti-Al-4V and Nitinol that inhibits or decreases the formation of intermetallic
compounds in the weld zone [13].

NiTi was joined to another shape memory alloy, CuAlMn, by laser welding. A complex
microstructure with islands of base metal deep inside the fusion zone were seen [14]. Datta
et al. [15] did a feasibility study on the dissimilar joining of NiTi to Ti by laser welding. They
reported that dissimilar welds exhibited poor strength and ductility due to the formation
of Ti2Ni phases and transverse cracks in the weld [15]. Similar problems occurred in Ti-
6Al-4V-NiTiNb welds, too [9,16]. Though intermetallics in general reduce weld ductility in
dissimilar metal combinations, some types of intermetallics seem to be less harmful. In NiTi-
Cu laser welds, a larger Cu dilution means a greater amount of Cu-based intermetallics in
the weld metal, and these Cu-based intermetallics prove beneficial for the weld ductility
when compared to Ti-based intermetallics [17,18].

The problem of brittle phases was overcome by placing an Nb interlayer with a
thickness of 50 μm in between the Ti-6Al-4V and NiTi in laser welding [19]. The interlayer
acted as a diffusion barrier between the two base metals. By varying the laser power
and thereby controlling the Nb dilution, Zhou et al. could control the overall amount of
intermetallics within the weld [20]. When the Nb melted completely, the joint strength shot
up to as high as 82% of the Ti-6Al-4V base metal strength. Even electron beam welding
produced similar effects [21].

Another possibility is to explore the solid state welding process to join Ti-Al-4V to
Nitinol, in which the joining of materials takes place without melting and without the use
of any filler. Solid state welding, like friction welding, can alleviate to some extent the
fusion welding problems described above. Friction welding is a solid state welding process
in which joining is achieved by one placing work piece in the rotating fixture and the other
in a stationary fixture, and frictional heat is generated by the pressure and relative motion
between these work pieces. Senkevich et al. [22] studied the joints of Ti-54.2% Ni with
VT6 titanium alloy by the diffusion bonding technique. They observed a transition zone
between the connected alloys, and this zone exhibited a higher hardness compared with
the two base metals due to enrichment of the titanium. It was reported that a maximum
shear strength of 170 MPa was achieved at 950 ◦C and a 30 min holding time. Wei Zhang
et al. [23] investigated the microstructure and mechanical properties of Nitinol-Nitinol
joints by ultrasonic welding, using Cu as an interlayer. They found that no intermetallic
layer was observed at the joint interface. It was reported that the ultimate shear load
increased with the increasing weld energy from 500 J to 1000 J due to metallurgical bonding
at the interface.

There were quite a few successful attempts at joining Nitinol to Nitinol, whether it
was through fusion welding [24,25] or solid-state welding [26,27]. However, when it came
to joining Nitinol to Ti-Al-4V, the reports were few and far between, and even then, the
welds turned out to be substantially poor in quality. All these published works dealt with
fusion welding only [9–21]. This knowledge gap threw open the opportunity for us to
attempt the same weld combination through a solid state joining technique like friction
welding. Friction welding had already proved itself as a promising technique in several
other dissimilar metal combinations. To the authors’ best knowledge, this is one of the
first attempts at joining Nitinol to Ti-Al-4V. This study demonstrates how, by choosing
weld parameters carefully, we could obtain significantly strong welds between Nitinol and
Ti-Al-4V. At the same time, some of the challenges that still need to be overcome before this
promising combination of dissimilar metals could be used in wide-ranging applications
have been identified.

2. Materials and Methods

Ti-6Al-4V and Nitinol rods 100 mm in length with a cross-sectional diameter of 10 mm
were used in the present investigation. The chemical compositions of these alloys are
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listed in Table 1. The rods of Ti-6Al-4V and Nitinol alloys were face turned and cleaned
with acetone before friction welding. Continuous drive friction welding with a capacity of
150 kN was employed for the friction welding of dissimilar materials (Figure 1). Ti-6Al-4V
was held in the non-rotating vice and Nitinol in the rotating chuck. At the start of the
friction welding process, the rotating spindle quickly reached a set speed (spindle speed).
The non-rotating specimen was then pushed toward the rotating one under high pressure
(friction pressure). Due to the relative motion between the two specimens under pressure,
frictional heat was generated at the interface. This heat very quickly plasticized both of
the base metals, resulting in a flash. The flash, in fact, helps by ejecting out impurities and
oxide layers from the surface of the specimens. The loss in the overall length of the rods
was monitored by a sensor, and when the set burn-off length was achieved, the rotating
chuck was suddenly brought to rest using a brake. This ended the first stage of the weld
cycle, called the friction stage. In the next stage (the upset stage), the pressure was further
increased (upset pressure) and held constant for a certain length of time (upset time). The
bond consolidation between the two specimens was thus completed.

Table 1. Composition of base metals (wt%).

Elements Al V Fe Cr C N O H Ti

Ti-6Al-4V 6.01 4.0 0.04 0.14 0.01 0.004 0.114 0.008 balance

Elements Ni Co Cr Fe Nb C O H Ti
Nitinol 55.7 0.005 0.003 0.015 0.005 0.04 0.036 <0.001 balance

Figure 1. Friction welding machine used in the current study.

The initial parameter window considered is listed in Table 2. At first, one parameter
was varied at a time to see how it affected the quality of the welds. Here, quality was
assessed by two simple and quick methods: visual inspection of the flash and how the
welds survived a drop test. The upset pressure, spindle speed and upset time did not have
a significant effect, whereas the friction pressure and burn-off length noticeably influenced
the weld quality. In the second stage, just these parameters (friction pressure and burn-off
length) were changed by two levels each. Again, based on visual inspection, a final set of
parameters was selected, and the same set was used for all the subsequent welds in the
current work (Table 2).
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Table 2. Welding parameters.

Explored Parameter Range Final Parameters Chosen

Friction Pressure 50–250 MPa 60 MPa
Upset Pressure 100–400 MPa 150 MPa
Spindle Speed 1000–2000 rev/min 1400 rev/min

Burn-off Length 1–7 mm 5 mm
Upset Time 4–10 s 5 s

A solution containing 2% HF and 3% HNO3 in 95% distilled water was used to etch
the Ti-6Al-4V alloy weld, and 40% HNO3 and 10% HF in 50% distilled water was used to
etch the Nitinol weld. The chemical compositions of the Ti-6Al-4V alloy to the Nitinol rods
were analyzed by employing a LECO TCH 400 instrument (LECO Corporation, St. Joseph,
MI, USA). The low-magnification macrostructure of the friction welds was observed using
a Nikon SMZ745T stereo microscope (Nikon Instruments Inc., New York, NY, USA). The
microstructural features of the friction welded samples were observed using a Leitz optical
microscope. The microstructure and energy dispersive spectroscopy (EDS) line scan were
investigated using a VEGA 3LMV, TESCAN scanning electron microscope and oxford
instruments, respectively (TESCAN ORSAY HOLDING, Brno, Czech Republic). X-ray
diffraction (XRD) analysis (PANalytical, Malvern, UK, X’pert powder XRD) was used to
identify phases in the base metal and weld. Vickers microhardness measurements were
carried out as per the ASTM E384 standard (West Conshohocken, PA, USA) across the
weld region by using a diamond pyramid indenter under a load of 500 g for 15 s (MMT-X
Matsuzawa, Akita Prefecture, Kawabetoshima, Japan). Transverse weld specimens of a
25 mm gauge length and 4 mm diameter were machined from friction welded samples.
Tensile tests were carried out according to the ASTM E8 standard on the base metal, as well
as dissimilar friction welded samples using a servo hydraulic testing machine at a constant
displacement rate of 0.5 mm/min.

3. Results and Discussion

3.1. Base Metal Microstructures

The optical microstructures of the Ti-6Al-4V and Nitinol alloys are shown in Figure 2a,b
respectively. Both microstructures showed equiaxed grains, and the average grain sizes
of the Ti-6Al-4V and the Nitinol were 7 ± 1 μm and 50 ± 8 μm, respectively. The optical
microstructure of the Ti-6Al-4V revealed alpha grains (brighter phase) in a transformed
beta matrix (darker phase). Predominantly, a single-phase equiaxed microstructure was
seen, with distinct twin lines in the Nitinol. Nitinol transforms to an austenitic phase when
heated to a point above its austinite start (As) temperatures, but reverts back to its stable
state of a martensitic phase when cooled [5]. Depending on the Ni content, the start and
finish temperatures of the phase transformation varies. However, it is safe to assume that
the present alloy remained predominantly austenitic at room temperature, with possible
tiny volumes of a martensitic phase.

Figure 2. Optical microstructures of the base metals (a) Ti-6Al-4V and (b) Nitinol.
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3.2. Macro and Microstructures of Dissimilar Friction Welds

An actual Ti-6Al-4V and Nitinol joint is shown in Figure 3. Visual examination revealed
no obvious macroscopic defects. The low-magnification friction welded joint made between
the Ti-6Al-4V and Nitinol alloys showed a flash formation, which is a typical characteristic
of the friction welding process (Figure 3). The flash predominantly occurred on the Ti-6Al-
4V side, but for the Nitinol it was notably absent. From Figure 4, it is worthwhile to note
that a precipitous drop in flow stresses in Ti-6Al-4V at high temperatures during friction
welding makes the alloy softer compared with the Nitinol side, even though the yield
strength (YS) of Ti-6Al-4V is higher than Nitinol to begin with at room temperature [28].
In addition to this, the poor heat conducting properties of Ti-6Al-4V cause the temperature
to rise quickly on its side of the joint.

Figure 3. The visual view of a Ti-6Al-4V and Nitinol dissimilar friction welded joint.

Figure 4. Dissimilar friction welded Ti-6Al-4V and Nitinol sample showing the flash on the Ti-6Al-
4V side.

The optical microstructure of the Ti-6Al-4V/Nitinol joint interface is shown in Figure 5a.
The grains nearer to the interface on the Ti-6Al-4V side underwent refinement, whereas
the Nitinol microstructure largely remained unaffected. Friction welding introduced a lot
of dislocations into the materials because of the heavy plastic deformation that occurred
during the process and, at the same time, it generated high temperatures close to the melting
point of the base metals. The subgrain structure could also be seen if the dislocation density
increased. These low-angle grain boundaries rotated to form stain-free grains, which are
fine grains referred to as dynamic recrystallization (DRX) [29]. DRX was observed on
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the Ti-6Al-4V side, adjacent to the joint interface when compared with the Nitinol side.
This means that the deformation was more on the Ti-6Al-4V side due to the heavy plastic
deformation and high temperatures encountered in friction welding. Due to dynamic
recrystallization, nucleation and growth of the grains occurred; hence, a large amount of
fine equiaxed grains were observed adjacent to the Ti-6Al-4V interface. A darker region
(intermixed zone) was noticed between the Ti-6Al-4V/Nitinol joint interface. This may
be due to the formation of intermetallics at the interface. The grains along the Ti-6Al-4V
interface aligned in the rotating direction due to deformation of the material, as shown
in Figure 5 b. The dark spots observed on the welded samples were referred to as etch
pits, developed during etching of the sample. There was no significant change in grain
size adjacent to the Nitinol interface, and the microstructure consisted mainly of austenite
rather than martensite due to the heating of the material during welding.

Figure 5. (a) The optical microstructure of the Ti-6Al-4V/Nitinol joint interface. (b) The grains along
the titanium interface, aligned in the rotating direction.

Figure 6 shows a scanning electron microscopy (SEM) image of the Ti-6Al-4V/Nitinol
joint and the corresponding SEM EDS line scan, which shows the distribution of different
elements across the joint. The EDS line scan revealed an interface between the Ti-6Al-
4V/Nitinol joint, and here, a ~10 μm wide intermixed zone could be seen. The intermixed
zone was the result of the huge amount of plastic strains and high temperatures seen in
this region. It is also reasonable to expect that this intermixed zone would not be of the
same width and composition between the center and the periphery [30]. This is because
the intensity of rubbing differs in these zones. Ni has low solubility in Ti in its solid state
and forms the brittle intermetallic compound Ti2Ni. These hard intermetallic compounds
play a major role in the poor ductility of Ti-6Al-4V/Nitinol welds [9–12]. It is worth noting
that even though the initial diffusion rates depend upon the alloying elements present in
each of the base metals, the newly formed intermetallic phases would also start to influence
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the diffusion phenomenon very quickly [30]. There is also the possibility of formation of
Kirkendall voids when a particular element undergoes mass transport while it forms the
reaction products in dissimilar material joining [31].

Figure 6. SEM image of the Ti-6Al-4V/Nitinol joint and the corresponding SEM energy dispersive
spectroscopy (EDS) line scan.

The diffusion of Ni into Ti-6Al-4V was relatively higher. Figure 7 shows the X-ray
diffraction analysis of the Ti-6Al-4V base metal, Nitinol base metal and fracture surface of
the weld. The Nitinol base metal exhibited a B2 austenitic phase, and the Ti-6Al-4V base
metal exhibited a hexagonal α phase and a weak β phase. In contrast, the fracture surface
of the weld revealed a hexagonal α phase, β phase and the formation of a Ti2Ni brittle
intermetallic phase.

Figure 7. X-ray diffraction (XRD) profiles of the Ti-6Al-4V base metal, Nitinol base metal and fracture
surface of the Ti-6Al-4V/Nitinol friction welds.

3.3. Mechanical Properties
3.3.1. Hardness

Figure 8 shows the hardness distribution across the interfaces of dissimilar Ti-6Al-
4V/Nitinol welds. It is observed that there was an increase in hardness on the Ti-6Al-4V
side due to stain hardening that occurred during the friction welding process. However, no
significant increase in hardness is observed on the Nitinol side, which confirms the previous

371



Metals 2021, 11, 109

observation that no there was no significant deformation on the Nitinol side. Similar results
were observed in previous studies involving friction welding of commercially pure Ti to
304L stainless steel [28,32]. Dissimilar friction welds prepared from Ti to 304L stainless
steel have shown an increase in hardness on the Ti side due to the stain hardening effect
when compared with the stainless steel side. However, a decrease in hardness on the
stainless steel side was attributed to a limited amount of deformation or the lack of a strain
hardening effect [28]. The Ti-6Al-4V and Nitinol base materials had average hardnesses
of 367 ± 18 HV and 260 ± 16 HV, respectively. The highest hardness observed at the
Ti-6Al-4V/Nitinol interface may be attributed to the formation of intermetallics of Ti and
Ni, such as Ti2Ni, a result conformed by XRD analysis.

Figure 8. The hardness distribution across the interface of dissimilar Ti-6Al-4V/Nitinol welds.

3.3.2. Tensile Properties

The tensile properties of dissimilar Ti-6Al-4V/Nitinol friction welds are shown in
Figure 9. The important objective of the present investigation was to determine whether the
joint strength of a dissimilar weld shows any improvement in its weld zone tensile proper-
ties. The data of two base materials’ tensile properties have also been included in Figure 8
for comparison. It is revealed from Figure 9 that the dissimilar Ti-6Al-4V/Nitinol friction
weld exhibited a lower ultimate tensile strength (UTS) and ductility (UTS = 589 MPa, 3.9%
elongation) compared with the base metals (Ti-6Al-4V: UTS = 1073 MPa, 15% elongation;
Nitinol: UTS = 980 MPa, 16% elongation). This could be because of intermetallic formations
(Ti2Ni) at the interface which are brittle in nature. Similar results were observed in laser
welding of dissimilar Ti-6Al-4V to NiTi joints [10]. These dissimilar welds exhibited a UTS
value of 250 MPa and 3% elongation. The authors attributed the reason for the inferior
properties to the formation of a Ti2Ni phase and transverse cracks in the weld metal. Elec-
tron beam welding was better in that the UTS was 480 MPa with 2.3 % elongation [21].
Three tensile tests were conducted for each condition, and the average of these specimens
was taken. The dissimilar weld failed in the intermixed zone, except for the Ti-6Al-4V and
Nitinol base metals. Failure in the intermixed zone indicates that the weld region was
weaker than the base metals in the dissimilar welded joint. The tensile fracture surfaces
of the Ti-6Al-4V base metal, Nitinol base metal and dissimilar Ti-6Al-4V/Nitinol friction
welds are shown in Figure 10. Very fine and ductile fracture features were observed for the
Ti-6Al-4V and Nitinol base metals in Figure 10a,b respectively. It is well established that
the fine equiaxed dimples are observed in the base metal samples because of microvoid
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formation and joining. Figure 10c shows the cleavage fracture (brittle) features of dissimilar
Ti-6Al-4V/Nitinol friction welds.

Figure 9. The tensile properties of base metals and dissimilar Ti-6Al-4V/Nitinol friction welds.

Figure 10. Fracture surfaces of the base metals and dissimilar welded joint for (a) Ti-6Al-4V, (b) Nitinol
and (c) dissimilar Ti-6Al-4V/Nitinol friction welded joint.
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4. Conclusions

Dissimilar Ti-6Al-4V/Nitinol friction welds have been analyzed for weld macro and
microstructures, grain sizes, hardnesses and tensile properties. The following conclusions
can be drawn:

1. A defect-free dissimilar friction weld could be obtained by a continuous drive friction
welding machine;

2. The macrostructure of dissimilar Ti-6Al-4V/Nitinol friction welds revealed flash
formation only on the Ti-6Al-4V side due to the reduction in flow stress at high
temperatures experienced during friction welding;

3. XRD studies revealed the formation of an intermetallic compound (Ti2Ni) on the
fracture surface of dissimilar welds;

4. The dissimilar Ti-6Al-4V/Nitinol friction weld exhibited low strength and ductility
(UTS = 589 MPa, 3.9% elongation) compared with the base metals, and this may be
attributed to the formation of Ti2Ni intermetallics at the interface, which are brittle in
nature;

5. The tensile fracture surfaces observed in dissimilar Ti-6Al-4V/Nitinol friction welds
had cleavage (brittle) fracture features due to the formation of intermetallics at the
intermixed zone when compared with the fine dimples noticed in the base metal
samples.
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Abstract: Aircraft skin and stringer elements are typically fabricated from 2xxx and 7xxx series high
strength aluminum alloys. A single friction stir welding (FSW) pass using a specially designed tool
with shoulder/pin diameter ratio (D/d) of 3.20 is used to produce dissimilar T-butt welds between
AA2024-T4 and AA7075-T6 aluminum alloys at a constant travel speed of 50 mm/min and different
rotational speeds of 400, 600 and 800 rpm. The AA2024-T4 is the skin and the AA7075-T6 is the
stringer. Sound joints are produced without macro defects in both the weld top surfaces and the joint
corners at all rotational speeds used (400, 600, and 800 rpm). The hardness value of the nugget zone
increases by increasing the rotational speed from 150 ± 4 Hv at 400 rpm to 167 ± 3 Hv at 600 rpm,
while decreases to reach the as-received AA2024-T4 hardness value (132 ± 3 Hv) at 800 rpm. Joint
efficiency along the skin exhibits higher values than that along the stringer. Four morphologies of
precipitates were detected in the stir zone (SZ); irregular, almost-spherical, spherical and rod-like.
Investigations by electron back scattered diffraction (EBSD) technique showed significant grain
refinement in the sir zone of the T-welds compared with the as-received aluminum alloys at 600 rpm
due to dynamic recrystallization. The grain size reduction percentages reach 85 and 90 % for AA2024
and AA7075 regions in the mixed zone, respectively. Fracture surfaces along the skin and stringer of
T-welds indicate that the joints failed through mixed modes of fracture.

Keywords: dissimilar friction stir welding; AA2024-T4/AA7075-T6Al alloys; t-butt joints; microstruc-
ture evaluation; EBSD; fracture surfaces

1. Introduction

Friction Stir Welding (FSW) is a solid-state welding technique, where similar [1–3]
and dissimilar metals [2] are welded without reaching their melting point. FSW has gained
significant attention due to its numerous advantages [4–6] over the traditional arc welding
methods [7]. However, FSW has also some drawbacks [8–10] which are very little when
compared with the traditional welding processes. Various joining configurations in terms of
spot [3,11], butt [12–14], corner [15], lap [16–18] and fillet [19] joints have been studied and
established for different metals and alloys using FSW technology through optimizing their
welding process parameters. However, FSW of high strength to weight ratio aluminum
alloys to produce T-joints are still demanding more studies and efforts to evaluate the
joint efficiency, and to optimize the welding parameters. Arora et al. [20] reported that the
hardness and tensile strength of the friction stir similar butt joint of AA2219 were lower
than the base metal. However, a toughness value of the nugget zone enhanced compared
to the base metal. Babu et al. [18] studied the effect of pin profiles on the friction stir
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welded (FSWed) lap joint quality of the AA2014 aluminum alloy and reported that the
strength and the failure mode of joints are related to the hook geometry. Sadeesh et al. [21]
studied the influence of using five different tool designs in FSW of dissimilar AA2024 and
AA6061aluminum alloys in butt joints and concluded that the joints efficiency is related
to the varying welding process parameters and the shoulder to pin diameter ratio is the
main dominant parameter. Manuel et al. [22] investigated the behavior of the friction stir
welds of three dissimilar aluminum alloys in a T-joint using three base materials namely,
AA2017-T4, AA5083-H111, and AA6082-T6. They reported that the arrangement of the
skin materials with respect to the pin rotation direction influence the morphology and
the mechanical properties of the joints [22]. In fact, the 2xxx and 7xxx aluminum alloys
before FSW were known to be non-weldable by traditional fusion welding processes since
number of problems such as porosity, solidification cracks and residual internal stresses
are found in the weld. Moreover, the formed dendritic structure during solidification in
the fusion zone is significantly deteriorating the mechanical properties of the joints [5].

AA2024 and AA7075 aluminum alloys are typically representing the 2xxx and 7xxx
alloys series, respectively, which are usually used intensively to fabricate structural compo-
nents of automotive and aircraft industries [23–25]. In many applications, especially the
aircraft fuselage panels in the form of T-joints; where, the aluminum alloys AA2024 and
AA7075 are used as skins and stingers, respectively. The stinger is the stiffening element
which reinforces the section of the load carrying skin to avoid buckling and failure. In FSW
of T-joints, Cui et al. [26] studied the effect of different rotational speeds on the microstruc-
ture and mechanical properties of the T-lap, T-butt-lap, and T-butt joints. They ascribed the
formed defects such as tunnel defect, kissing bond, original joint line defect, and zigzag line
to the initial matching modes of the blanks, material flow patterns, and insufficient heat
input. Acerra et al. [15] investigated the dissimilar AA2024-T4 and AA7075-T6 T-joints and
evaluated the design rules for the setup of FSW operations. They concluded that a large
shoulder diameter is required to generate a sufficient heat input to fulfill the weld joint.
Moreover, the presence of coating layers negatively affects the mechanical properties by a
generation of macro and micro defects. In T-butt joints, especially in aerospace industry, the
tool pin has been penetrated vertically into the materials setup surface to join three separate
parts, two skin parts and vertical stringer element, to produce one-piece T-joint [15].

This work aims to conduct single pass FSW of T-butt joints between AA2024-T4 and
AA7075-T6 aluminum alloys as skin and stringer; respectively, at different tool rotational
rates of 400, 600 and 800 rpm and a constant welding speed of 50 mm/min. The role of
FSW parameters and the welded materials on the microstructure, the strength and the
fracture mode will be examined. Attention will be given to investigate the evolved texture
using EBSD.

2. Experimental Procedure

Plates of the dissimilar aluminum alloys of AA2024-T4 and AA7075-T6 were friction
stir welded in T-butt joints. The dimensions for FSW samples were 4 mm × 50 mm × 200 mm
for AA2024-T4 and 5 mm × 100 mm × 200 mm for AA7075-T6 alloys. The T-butt joint
setup was designed to be two plates of AA2024-T4 alloy as a skin and one plate of AA7075-
T6 as a stringer. The chemical composition of the aluminum alloys was analyzed using
Q2 ION-OES -Optical Emission Spectrometry (Bruker, Billerica, MA, USA). The chemical
composition of the investigated alloys is listed in Table 1.

Table 1. Chemical analysis (wt. %) of the AA2024-T4 and AA7075-T6 alloys.

Alloy
Elements in wt. %

Si Fe Cu Mn Mg Cr Zn Ti Al

AA2024-T4 0.20 0.40 3.90 0.40 1.50 0.02 0.17 0.02 Bal
AA7075-T6 0.05 0.22 1.94 0.05 2.66 0.21 5.97 0.01 Bal
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The T-butt joints were friction stir welded using gantry type FSW (EG-FSW-M1, made
by Suez University, Suez, Egypt) machine [2,6]. Adaptive fixture was designed [15] and
fabricated from steel for T-butt joint configuration setup, Figure 1a,b. A constant travel
speed of 50 mm/min and three various rotational speeds of 400, 600 and 800 rpm were
used in this work. The shoulder tilting angle and the shoulder plunge depth were 3◦ and
0.20 mm, respectively. The other welding conditions were kept constant. A concave tool
shoulder with a diameter of 32 mm and a threaded taper pin with a length of 3.8 mm
was used (Figure 1c). The bottom and top diameters of the pin were 12 mm and 10 mm,
respectively. The tool was machined from H13 tool steel and heat treated to obtain a
hardness value of 58 HRC. Figure 1c shows top view appearance of a friction stir welded
joint.

 

Figure 1. (a,b) FSW fixture setup configuration of AA2024 and AA7075 T-butt joint, (c) Engineering
drawing of the used tool (d) top view appearance of a friction stir welded joint.

In order to investigate the developed T-joints microstructure and mechanical prop-
erties, the samples were cross-sectioned perpendicular to the welding direction (WD).
For microstructural analysis, the sectioned samples were ground using SiC papers with
different grit up to 2400 and polished on felt cloth with alumina 0.05 μm paste and then
etched with Keller’s reagent (6 mL hydrofluoric acid, 6 mL hydrochloric acid, 5 mL nitric
acid and 150 mL water). Stereo microscope (Optica SZR 10, Optica, Ponteranica (BG),
Itaty) was used to examine macrostructures of the joints. Microstructural analyses were
carried out using optical microscope (OM) Olympus -BX41M-LED, Olympus, Tokyo, Japan.
And scanning electron microscopy (SEM) Type Quanta FEG-250 (FEI company, Hillsboro,
OR, USA) equipped with electron back scatter diffraction (EBSD) and energy dispersive
spectroscopy (EDS) were also used to examine the grain structure, texture and precipitates
composition.

Vickers hardness tester machine (HWDV-75, TTS Unlimited, Osaka, Japan) was used
to evaluate the hardness profiles along the width of the weld samples using a load of 2.0 kg
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and dwell time of 15 s, where the free space between any two indentations was 0.5 mm,
which represents at least 2.5 times the maximum indentation diameter. The hardness maps
were also analyzed and drawn by collecting three lines measurements across the stir zone
(SZ) and the stringer. Two tensile tests were carried out along skin and stringer axes using
tensile testing machine (Instron-4208-300 kN capacity, Norwood, MA, USA) at a room
temperature and a cross-head speed of 1.0 mm/min, Figures 2 and 3, respectively. At least
three tensile samples were prepared from each T-butt joint and the average value of tensile
strength was considered. The fracture surfaces of tensile test samples were investigated
using the SEM. For EBSD investigation, the polished samples were subjected to electro-
polish for 60 sec at −15 ◦C and 14 V. The electro-polishing electrolyte consists of 30 vol.%
nitric acid in 70 vol.% methanol. EBSD was performed for the base materials (BMs) and
stir zone (SZ) of T-butt joints at 20 kV and 0.5 μm step size. The collected EBSD data were
analyzed by OIM DC 7.3 software, developed by EDAX, AMETEK, Draper, UT, USA.

 

Figure 2. Photographs of tensile testing along skin direction (a) T-butt joint tensile test specimen and
(b) after tensile test.

 

Figure 3. Photographs of tensile testing along stringer direction (a) T-butt joint tensile test specimen
and (b) tensile test clamping system.

3. Results and Discussion

3.1. Joint Appearance and Macro-Examinations

Figure 4 shows the appearance of the T-butt joints friction stir welded at different
rotational speeds of 400, 600 and 800 rpm. It can be observed that the top surfaces are
defect free and also the exit holes are complete with no indications of any tunnel defects.
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Figure 4. T-butt joint appearance of friction stir welded AA2024 and AA7075 at 50 mm/min welding
travel speed and different rotational speeds (a) 400 rpm, (b) 600 rpm, and (c) 800 rpm.

The examination of the cross-section macrostructure of welding zone may be used
to clarify the quality of friction stir welded joints. It has been reported that four different
zones, namely stir zone (SZ) or nugget zone, thermo-mechanically affected zone (TMAZ),
heat affected zone (HAZ) and base material (BM) can be identified in the macrostructure
of welds [4]. Several variables like types of BM, thickness of work piece, welding pa-
rameters, and tool design play a significant role in the formation of friction stir welded
joint features. Actually, the amount of heat input has a great effect on material flow, SZ
shape, microstructure grain size and FSW defects. Hence, the quality of joints can be
enhanced if the rotation and welding speeds of the FSW process can be carefully controlled.
Typical transverse cross-section macrographs of the friction stir welded T-butt-joints of
AA2024-T4 and AA7075-T6 are shown in Figure 5. It can be observed that the transverse
cross sections showed sound T-butt joints at all the applied FSW parameters. However, the
mixing process between the two alloys is significantly enhanced by increasing the rotation
speed of the FSW tool such that at the low rotation speed is entirely pertains the whole
stringer material (AA7075) within the SZ zone, by increasing the rotation speed the stringer
material starts to get dispersed and mixed with the skin material (AA2024). This implies
that increasing the rotation speed has resulted in a complex flow pattern that enhanced the
two materials mixing and joining.

It is worth mentioning here that the dimensions of the SZ are controlled by the
dimensions of the tool shoulder and pin. SZ is usually diffused to be little bit larger
than the pin dimensions and has a like-conical form [10]. The widest region is beneath the
shoulder diameter, which is ~32 mm and become narrower with the depth to be determined
by the pin diameters (12 to 10 mm) and length (h = 3.8 mm) as it has been defined in the
Figure 5 by the dashed lines.
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Figure 5. Macrographs of T-butt-joints of friction stir weldedAA2024 and AA7075 at different rotational speeds of (a) 400 rpm,
(b) 600 rpm, and (c) 800 rpm.

3.2. OM Investigations

Optical microscopy investigations were performed on the transverse cross-sections of
the FSWd T-joint specimen’s perpendicular to the welding direction. The three zones (SZ,
TMAZ, and HAZ) were arranged by SZ from the center line of the weld joint perpendicular
to the welding direction in both sides ending HAZ in the BM. The width of each zone
and its features are related to the heat input introduced to the work-piece during FSW
process, as shown in the joints’ macrographs in Figure 5. The variation in heat input in
the present work came mainly from the applied different rotational speeds of 400, 600
and 800 rpm where the travel speed is kept constant at 50 mm/min, the heat input index
is equal to (ω2/v) [10]. The microstructures of the cross-sectional dissimilar friction stir
welded T-butt joints of AA2024-T4 and AA7075-T6 Al alloys show new formation of the
grain structures in the SZ (Figure 6). For friction stir welded T-joint at 400 rpm good
mixing between skin and stringer can be clearly seen, as given in Figure 6a. The mixing
between skin and stringer in the SZ has improved as the rotation welding speed increased
to 600 rpm, Figure 6c. FSW at 600 rpm welding condition converts the initial elongated
grains in as AA2024 and AA7075 aluminum alloys to fine equiaxed recrystallized grains
in the weld SZ. Moreover, the coarse precipitates given by the lowest rotational speed
of 400 rpm become finer and more dispersed. This change in microstructure is ascribed
to high temperature and high stirring action by the pin inside skin and stringer which
positioned between the two pieces forming the skin (Figure 1a,b). Remarkable coarser
grains with very good mixing are observed at the highest rotational speed of 800 rpm,
as shown in Figure 6e,f. However, the high heat input presented a chance to generate
coarse precipitates in both SZ and TMAZ. Similar results of coarsening the precipitates at
such conditions have been noticed in other works [1,27]. It can be concluded that, the best
mixing between skin and stringer is obtained at rotational speeds of 600 and 800 rpm. The
T-joint produced at 600 rpm rotational speed exhibits finer grains and precipitates in the
SZ than the other two joints. Detailed EBSD grain size measurements for the parent alloys
and for the friction stir welded material are presented in subchapter 3.5. In the TMAZ no
recrystallization is noticed because the frictional heat and plastic deformation are not high
enough to cause recrystallization Figure 6b,d,f.
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Figure 6. Optical microstructures of AA2024-AA7075 T-butt joint welded at different rotational
speeds of (a,b) 400, (c,d) 600 and (e,f) 800 rpm. The positions of the different images are shown in the
top schematic drawing.

3.3. Hardness Distribution

The hardness variation along the skin and the stringer of the friction stir welded
T-butt joint may give a better prediction about the phenomena involved in this welding
process and the causes of loss or increase in strength compared with the base material.
The hardness distribution maps of the T-butt joints for all the applied rotational speeds
indicate good material mixing at the nugget zone as shown in Figure 7, which is evidence
of selecting a proper tool design with shoulder/pin diameter ratio (D/d). The D/d ratio
in the current study was 3.20. This ratio agrees well within the value that reported by
Saravanan et al. [28] who focused their work on studying the effect of the D/d ratio in the
range of 1–4 on the microstructure and mechanical properties of the dissimilar butt-joint
of AA2024-T6 and AA7075-T6 Al-alloys. They concluded that the butt joint friction stir
welded using a D/d ratio of 3.00 exhibited higher mechanical properties when compared
to the other welded joints [28].
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Figure 7. Hardness maps of the T-butt joint AA2024-T4 and AA7075-T6 friction stir welded at different rotational speeds of
(a) 400 rpm, (b) 600 rpm and (c) 800 rpm.

The hardness maps show higher hardness at the SZ of the mixed alloys compared to
the skin base material AA2024-T4 at the rotational speeds of 400 and 600 rpm, as shown
in Figure 7a,b. This increase in the hardness at the SZ can be attributed to two reasons:
(i) high proportion of the AA7075-T6 (high hardness alloy) in the SZ and (ii) the finer
grain size (dynamically recrystallized) at SZ compared to the base material. According
to Hall-Petch relation [29], smaller grain size leads to harder material property. The
increasing amount of AA7075-T6 material in the microstructure of the stir zone seems to
be also a reason for the higher hardness measured within the nugget zone of the T-butt
joint. The highest rotational speed of 800 rpm leads to higher heat generation and slower
cooling rate and then causes the formation of relatively coarse grains. And also, leads
to the formation coarser precipitates during re-precipitation in the cooling cycle, thus
result in lower hardness in the SZ and TMAZ compared to other joints welded at 400
and 600 rpm. The lower hardness observed in the HAZ of both advancing side (AS) and
retreating side (RS) of the joints are results of coarsening and dissolution of strengthening
precipitates [1–3,13,30]. No obvious differences are seen in the mean values of hardness
of HAZ at both the AS and RS of all the welded joints. For the T-joint welded at 800 rpm,
a wider softened area evidenced with slightly lower hardness in the SZ as well as in the
HAZ of both sides. The slight lower hardness in the SZ and the wider softened region in
this joint can be attributed to the high heat input experienced which affects the precipitates
coarsening and/or dissolution. The softening behavior at HAZ with a minimum hardness
ranging from 98 to 105 Hv is observed. The observed best joint hardness at a rotational
speed of 600 rpm which gives proper mixing with adequate generated heat and cooling
rate at travel speed of 50 mm/min.

The hardness profile of friction stir welded of heat-treatable AA2024 and AA7075
aluminum alloys depends strongly on the grain size structure, and the precipitates in terms
of type, amount, morphology and distribution [4,5]. The difference in grain shape and size
of the two base materials is surely important. Furthermore, the amount of solute atoms
(Zn, Mg and Cu) of the mixed two materials is also an essential reason of the high hardness
in the nugget zone.
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3.4. SEM Investigation

As noted by optical examinations of the welded joints (Figure 8) and confirmed with
the two modes SEM investigations (Figure 9) the initial coarse elongated grains of the as-
received AA2024-T4 and AA7075-T6 base alloys are thermomechanically deformed during
FSW and resulted in new recrystallized equiaxed fine grain structures. The microstructures
display also fine precipitates decorated the grain boundaries of the fine grains of both
AA2024 and AA7075, Figure 8a–f. In addition, coarse and fragmented precipitates are
detected in the SZ of the T-joints as given in VCD-mode images Figure 8b,e respectively.
Moreover, the friction stir welded AA7075 alloy shows finer recrystallize grain size than
that of AA2024 alloy, Figure 8d.

 

Figure 8. SEM microstructure of Friction stir welded T-joints at different rotational speeds: (a) ETD
mode at 400 rpm, (b) in VCD mode, (c) ETD at 600 rpm, (d) low magnification in ETD at 800 rpm,
(e) in VCD and (f) high magnification of the selected area (D) in (d).

The FSW and FSP lead to significant change in size and morphology of the precipitates.
It can be effectively refined and redistributed both soluble and insoluble particles in
precipitation strengthening non-ferrous alloys [31,32]. The precipitates in different regions
of FSW zones are strongly function of the local thermo-mechanical cycles. The evolved
microstructures in the SZ of the friction stir welded dissimilar T-joints at different rotational
speeds are expected to be very complex. In fact, the precipitation phenomena need more
research and still out of completely understood [33]. The current study is roughly an
important attempt to evaluate morphologies and types of formed precipitates in the SZ
of the Friction stir welded T-butt joints of AA2024-T4 and AA7075-T6. This attempt is
extended to relate the precipitates influence on the recrystallization process during FSW.
The precipitates display four types of morphologies: irregular, almost-spherical, spherical
and rod-like and marked by symbols I, A–S, S and R, respectively. These morphologies are
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shown in the SZ of all the welded joints at the different rotational speeds (400–800 rpm)
and typically observed as given for example in Figure 8c.

 

Figure 9. SEM images of T-joint at 400 rpm (a) ETD mode and (b) VCD mode.

Generally, the 2024 and 7075 Al-alloys have unstable nature of precipitates. This
means that, the precipitates can coarsen and transformed into more stable precipitates,
and/or undergo partial or complete dissolution during suffering high temperatures and
may reappear in various morphologies, amounts and crystal structures during cooling.

Precipitates may accelerate or retard the recrystallization process depending on their
size and volume fraction. Coarse particles can intensify the driving force of recrystallization
and act as nucleation sites, which is known as particle stimulated nucleation (PSN). In
contrast, relatively finer particle can retard recrystallization by the particle pinning of
the grain boundaries, which is referred to as “Zener Pinning” [34]. Figure 9 shows two
examination modes SEM microstructure of Friction stir welded sample at 400 rpm, where
location 1 represents fine Dynamically recrystallized (DRX) grains adjacent to coarse
particle. However, location 2 denotes coarse DRX grains at a distance from the coarse
particles. PSN mechanism is observed to be more effective when the precipitates are present
near the grain boundaries rather than within the grain, where the local strain gradient is
relatively lower [34,35].

Coarse thermal stable and non-deformable particles interact with moving dislocations
producing dislocation piled-ups or loops at the particle-matrix interface, which generates
a local strain mismatch at the interface. This local strain field then eases the operation of
different slip systems at the interface, which causes the surrounding matrix to rotate to fit
the external matrix, creating the so-called particle deformation zone (PDZ) [35,36]. Further
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hot deformation, of such PDZs makes them favorable nucleation sites for recrystallization.
Due to the high dislocation density in a PDZ, recovery takes place by the formation of new
sub-grains, which then increases the misorientation by absorbing more dislocations. When
this misorientation achieves from 10 to 15◦, a likely recrystallization nuclei has evolved
that may then grow into the surrounding matrix [37].

3.5. BM Grain Structure and Texture

For all the welded T-joint, the SZ is mixed regions of AA2024-T4 and AA7075-T6.
Degree of mixing enhances as the plasticity of the two Al-alloys increases during the
FSW. The plasticity of both alloys is related to the amount of heat input introduced to
the work-piece. Actually, plasticity increases as the rotational welding speeds increase
at the constant welding parameters. Selected areas of both Al-alloys in the SZ have been
analyzed in terms of inverse pole figure (IPF) coloring maps and texture and compared
with the as-received features of BMs. Figure 10 shows the IPF coloring maps with respect
to the rolling direction (RD) and grain boundary (GB) maps of the BMs (a) AA2024-T4
and (b) AA7075-T6 Al alloys. It can be observed that the BMs are almost similar in terms
of grain structure and low angle boundaries (LABs) distributions. The grain shapes are
that of the typical rolled materials characterized by large and elongated grains. The GB
maps are almost free of LABs, which indicate that both materials were in full-recovered
state. The AA2024-T4 Al-alloy showed an average grain size of 47 μm and the AA7075-T6
Al-alloy revealed relatively finer average grain size of 43 μm, as obtained from the grain
size distribution histogram shown in Figure 11a,b, respectively. The misorientation angle
distribution displays very low density of LABs for the as-received materials, as shown in
Figure 11a,b. In terms of texture the 101 and 111 pole figures (PFs) illustrated in Figure 12
fairly shows the rolled texture of the fcc metals although the number of grains obtained in
the analyzed areas are limited number.

 

Figure 10. IPF coloring OIM maps relative to rolling direction (RD) and the grain boundary maps
with high angle grain boundaries (HAGBs) > 15 in black lines and low angle boundaries (LAGBs) < 15
in red lines, (a) AA2024-T4 and (b) AA7075-T6.
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42 μm

Figure 11. Grain size distribution and misorientation angle distribution of BMs, where (a) AA2024-
T4and (b) AA7075-T6.

Figure 12. 101 and 111 pole figures (PFs) of BMs, where (a) AA2024-T4 and (b) AA7075-T6.

3.6. Grain Structure and Texture of Friction Stir Welded T-Butt Joints

The SZ of the T-butt joint Friction stir welded AA2024-T4 and AA7075-T6 has been
investigated using EBSD by acquiring data at AA2024-T4 and AA7075-T6 regions. The
IPF coloring maps with respect to the ND and their corresponding grain boundary maps
are presented in Figure 13. It can be observed that the grain structure in both regions is
dynamically recrystallized of equiaxed grains. Geometric dynamic recrystallization has
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been suggested by number of researchers to be the main recrystallization mechanism in
the SZ of the welded aluminum [38,39]. In terms of grain size, it can be noted that in
comparison to the BMs it is extremely fine, however a variation in the grain size can be
observed between AA2024-T4 and AA7075-T6 regions, Figure 13a,b, respectively. The
AA2024-T4 region exhibits coarser grain size relative to the AA7075-T6. The GB maps of the
EBSD data obtained from the SZ of the T-butt Friction stir welded joint between AA2024-T4
and AA7075-T6 are presented in Figure 14. The maps are consisted of HAGB > 15◦ of
the major density and a lower density of the LAB (5–15◦). The examined SZ areas of
AA2024-T4 and AA7075-T6 dominate mainly by HAGBs > 15◦ with a fraction of 0.801 and
0.924, respectively. While the value of LAGBs 5–15◦ displays with a fraction of 0.113 and
0.071, respectively.

 

Figure 13. IPF coloring maps and their corresponding grain boundary maps for SZ of T-butt Friction
stir welded joint AA2024-T4 and AA7075-T6 produced at 600 rpm, where (a) at AA2024-T4 region
and (b) at AA7075-T6 region in the joint produced at 600 rpm. The positions at which the EBSD data
collected are indicated with two red rectangles on the macrograph of the joint below the figure. The
IPF maps key coloring, grain boundary legend and FSW axes are also presented below the figure.

This data is presented as misorientation angle distribution histogram for the two
alloys in Figure 14a,b with the corresponding grain size distribution. The average grain
size of the AA2024-T4 is about 11 μm while that of the AA7075-T6 is about 6 μm as given in
Figure 14a,b, respectively. This variation can be attributed to the variation in the chemical
composition of the two alloys and in consequently to the different types of precipitates in
the two alloys. Ahmed et al. [2] in their study of similar and dissimilar Friction stir welded
AA7075 and AA5083 reported a variation in the resulted grain size between the AA7075 and
the AA5083 inside the same SZ of the dissimilar joints. In terms of the misorientation angle
distribution which clearly showing an increase in the LABs density for the data obtained
in the AA2024-T4. In terms of texture, the 101 and 111 PFs of this data also calculated
and presented in Figure 15a,b. The two alloys show the simple shear texture with only
about two times random. This is typical type of texture reported to be obtained in the SZ of
the Friction stir welded aluminum alloys [27,40–42]. Crystallographic texture affects the
mechanical properties of materials as it expresses the orientation of the crystallographic
plans relative to the material reference axes [13]. This directly affects the alignment of the
slip systems relative to the axis of the applied load. This why the isotropic materials that of
random texture has the same mechanical properties in all direction while in contrast the
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anisotropic material that of strong texture its mechanical properties varied based on the
direction of the applied load relative to the material reference axes [43–46].

Figure 14. (a) Grain size and misorientation angle distributions of the dissimilar T-butt Friction stir
welded joint, where (a) AA2024-T4 region and (b) AA7075-T6 region in the joint produced at 600 rpm.

Figure 15. 101 and 111 PFs calculated from the data from SZ of T-butt Friction stir welded joint
presented in Figure 13, where (a) AA2024-T4 and (b) AA7075-T6.

3.7. T-Butt Joints Tensile Properties

Figures 16 and 17 show photographs of typical fracture locations of Friction stir
weldedAA2024-T4 and AA7075-T6 T-butt joints, which were pulled along skin and stringer,
respectively. For the welded specimens at 400 rpm pulled along skin (Figure 17a) fracture
occurs at the SZ in the RS. This may be attributed to reduction of hardness at the interface
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between AA2024-T4 skin and AA7075-T6 stringer (Figure 7a) for the T-joint as a result of
insufficient heat input for good mixing in the SZ of the dissimilar aluminum alloys. For 600 rpm,
fracture occurs at HAZ region in the RS of AA2024-T4 skin, as shown in Figure 17b. This in
agreement with the distribution of the lowest value of hardness in hardness map (Figure 7b)
of the joint. For 800 rpm, fracture occurs at TMAZ of RS of the skin, as shown in Figure 17c.
This may be ascribed to the lowering hardness map (Figure 7c) in the weld joint as a result
of higher heat input.

 

Figure 16. Photographs of fracture locations of T-butt welded specimens along skin. (a) 400 rpm,
(b) 600 rpm, and (c) 800 rpm.

 

Figure 17. Photographs of fracture locations of T-butt welded specimens along stringer. (a) 400 rpm,
(b) 600 rpm, and (c) 800 rpm.

Furthermore, the fracture locations of T-butt welded specimens along stringer are
shown in Figure 17. For 400 rpm, Figure 17a, fracture occurs at center of the SZ. It coin-
cides with the variation of hardness values in hardness map (Figure 7a) due to insufficient
mixing of AA2024-T4 and AA7075-T6 in the SZ at the lowest rotational speed. For 600 rpm,
Figure 17b, the fracture occurs at HAZ in stringer part. It is in good agreement with the
lowest hardness values in hardness map (Figure 7b) of stringer AA7075-T6. For 800 rpm,
Figure 17c, the fracture occurs at SZ. It coincides with the reduction of hardness values in
SZ in hardness map compared to BM AA2024-T4 (Figure 7c).

Joint Efficiency

Joint efficiency of the welded material means the ratio of ultimate tensile strength
(UTS) of the joint to the UTS of its base material. It gives an important perception for the
joint quality and the mechanical property of the joint. Thus, tensile tests of the produced
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T-butt joints were carried out along the skin and stringer directions. Figure 18 shows
the joint efficiencies along the skin and stringer of the AA2024 and AA7075 T-butt joints
produced using the welding parameters of 400, 600 and 800 rpm rotational speeds, and a
constant travel speed of 50 mm/min. For the skin tensile test (perpendicular to welding
direction), Figure 18a shows no significant difference in the efficiency values between joints
welded at 400 and 600 rpm, while the rotational speed increases from 600 to 800 rpm the
efficiency decreases from 83.40 % to reach 72.02 % of the base metal AA2024-T4. Tensile
properties in the direction of stringer (perpendicular to welding direction) are given in
Figure 18b. It can be seen that the joint efficiencies along stringer increases with increasing
tool rotational speeds. The T-butt joints produced at 800 rpm displays the highest joint
efficiency of 52.30% of the base metal AA2024-T4. It can be noted from Figure 18a,b, that
the joint efficiencies of all produced T-butt joints along the stringer are lower than those of
all joints along the skin. This trend is in good agreement with the results obtained by Cui
et al. [37] for the similar AA6061-T4 T-butt joints (C-series). Furthermore, they reported
that all T-joint efficiencies showed tendency to enhancement with increasing the rotational
speeds at constant travel speed.

Figure 18. Joint efficiencies against rotational speeds for the T-butt joints of 2024-7075 Al alloys;
(a) tensile tested along the skin and (b) along the stringer directions.

It can be noted that or the joint welded at 800 rpm the joint efficiency along the
skin direction is the lowest and for the stringer direction is the highest as shown in
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Figure 18a,b can be due to two reasons. First, the reduction in the hardness relative
to the other two revolution speeds as shown in Figure 7, due to the increased heat input.
Second, the reduced skin thickness due to the pressing effect of the shoulder (Figure 5),
this is not the case for tension in the stinger direction. Moreover, at 800 rpm the pressing
by the shoulder and the increased softening has generated larger fillet than the other two
lower rotation speeds (400 and 600 rpm). This large fillet represents more support for the
stringer leading to the highest joint efficiency.

The authors are still not satisfied with the attained joint efficiency especially in the
skin direction, so that further welding trials should be performed with other welding
parameters to overcome the reduction in the skin thickness due to the applied pressure by
the tool shoulder.

4. Conclusions

1. Sound T-joints are successfully produced with three plates in T-butt configuration;
(two AA2024 plates as skin and one AA7075 plate as stringer) at different rotation
speeds and constant traverse speed using FSW tool of large diameter pin of 12 mm to
enable one track FSW of the three pieces.

2. All T-butt joint specimens exhibit a W-shaped appearance hardness profiles along the
center line of the skin of the welds and reaches the highest level at 600 rpm.

3. Significant grain refining in stir zone of FSW welds is accompanied with dynamic
recrystallization compared with the as-received base metals. EDS analyses of the stir
zones of the T-joints show four types of precipitates; Al6(Mn,Fe,Cu), Al2Cu, Al2CuMg
and Al7Cu2Fe.

4. The differences between the AA2024-T4 and AA7075-T6 aluminum alloys in terms of
chemical composition, starting grain structure and type of precipitates have strong
impact on the recrystallization process, joint efficiency and failure mode of the Friction
stir welded T-butt joints.

5. Fracture surfaces along the skin and stringer of all T-welds indicate that the joint failed
through mixed modes of fracture, mainly ductile by locally deformed aluminum base
and partially brittle via hard phase particles.
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Abstract: This work investigated the effect of friction stir welding (FSW) tool rotation rate and
welding speed on the grain structure evolution in the nugget zone through the thickness of the
10 mm thick AA5083/AA5754 weldments. Three joints were produced at different combinations of
FSW parameters. The grain structure and texture were investigated using electron backscattering
diffraction (EBSD). In addition, both the hardness and tensile properties were investigated. It was
found that the grain size varied through the thickness in the nugget (NG), which was reduced from
the top to the base in all welds. Reducing the rotation rate from 600 rpm to 400 rpm at a constant
welding speed of 60 mm/min reduced the average grain size from 33 μm to 25 μm at the top and from
19 μm to 12 μm at the base. On the other hand, the increase of the welding speed from 20 mm/min to
60 mm/min had no obvious effect on the average grain size. This implied that the rotation rate was
more effective in grain size reduction than the welding speed. The texture was the mainly simple
shear texture that required some rotations to obtain the ideal simple shear texture. The hardness
distribution, mapped for the nugget zone, and the parent alloys indicated a diffused softened welding
zone. The heating effect of the pressure and rotation of the pin shoulder and the heat input parameter
(ω/v) on the hardness value of the nugget zone were dominating. Tensile stress-strain curves of the
base alloys and that of the FSWed joints were evaluated and presented. Moreover, the true stress-true
strain curves were determined and described by the empirical formula after Ludwik, and then the
materials strengthening parameters were determined. The tensile specimens of the welded joint at a
revolution speed of 400 rpm and travel speed of 60 mm/min possessed the highest strain hardening
parameter (n = 0.494).

Keywords: friction stir welding; dissimilar welding; aluminum; mechanical properties; microstruc-
ture; texture; fracture

1. Introduction

Aluminum alloys have remained the prime selection in producing various compo-
nents in many industries like aerospace, automotive, and shipbuilding because of their
perfect strength to weight ratio [1–5]. AA5000-series alloys are characterized by a good
strength-to-weight ratio and an appropriate corrosion resistance. However, they are diffi-
cult to join by conventional fusion welding techniques because of their dendritic structure,
which seriously weakens the mechanical properties. Solid-state welding processes are

Metals 2021, 11, 181. https://doi.org/10.3390/met11020181 https://www.mdpi.com/journal/metals397



Metals 2021, 11, 181

appropriate joining for either similar or dissimilar aluminum alloys [6]. Resistance spot
welding is considered one of the dominant solid-state welding processes in automotive
constructions [7,8]. However, the use of a continuous welding line process instead of weld
spots leads to higher structural stiffness and better crash performance [9]. Friction stir
welding (FSW) of the AA5000 series represents a promising technique to obtain defect-free
and sound joints, either in similar [10] and dissimilar [11–13] welding combinations. FSW
can also be used effectively for the welding of different types of materials [14–17], and the
same principle of FSW can be used for the development of metal matrix composites [18–22].
In FSW, a non-consumable rotating tool induces a stirring action until the tool shoulder con-
tacts the top surface of the sheets with a given plunge depth, generating a large amount of
frictional heat [23]. As the tool moves along the welding line, the blanks are joined through
a solid-state process, owing to the severe plastic strain and the metal mixing across the weld.
The weld zone undergoes a solid-state process promoted by the frictional heat between the
wear-resistant welding tool and the materials to be joined. The plasticized zone is further
extruded from the tool advancing side to the retreating side during its steady traversing
along the joint line [24]. FSW process parameters influence the final joint quality and
performance, including traverse welding speed; tool rotational speed, geometry, and shape;
blank thickness; heat input; applied force; tilt angle; specimen preparation; sheet-rolling di-
rection; plates/sheets metallurgical history. It has been demonstrated that, among process
parameters, the tool rotational speed and traverse welding speed have a strong effect on
heat generation, heat dissipation, and cooling rate. Hence, the microstructure and texture,
and mechanical properties evolution of the FSW joints are significantly affected by traverse
welding speed and tool rotational speed values [6,11,24–26]. For this reason, an accurate
choice of the FSW process parameters and of the tool material and geometry is required.
In fact, the joint mechanical properties can be optimized by increasing the tool rotational
speed or by decreasing the traverse welding speed [27,28]. The excessive agglomerations
and joints defects are produced when the high strength aluminum alloy on the advancing
side (AS) of AA5052/AA5J32 is placed because of material flow limitation [29]. Both mate-
rial flow and joint quality are more dependent on the FSW conditions and their effects on
heat input and temperature distribution in weld nugget, regardless of base material (BM)
placement [30]. During FSW, the heat generation is controlled by tool rotation and welding
speed due to the material plastic flow [30–32]. However, very high rotation speeds lead to
macroscopic defects because of the excessive heat input [24,33]. Due to FSW, three different
metallurgical zones are usually recognized, namely, nugget zone (NZ), thermomechanically
affected zone (TMAZ), and heat-affected zone (HAZ) [34]. In the NZ, the metal is in direct
contact with the pin being continuously stirred during the passage of the rotating tool,
thus creating the necessary strong bond between the two metals under the welding. Fast
thermomechanical heating (peak temperature may reach 0.6 to 0.95 TM) and cooling occur,
and they favor the occurrence of dynamic recrystallization (DRX) phenomena, generating
fine grain structures in the form of onion rings [34,35]. From a microstructural viewpoint,
the NZ is generally characterized by a fine or even very-fine equiaxed grained structure,
as mentioned in [34]. In the TMAZ, the microstructure experiences a significant grain
morphology and size modification. Because of the insufficient deformation strain, DRX
does not occur in the TMAZ. In the third zone, HAZ, the materials are subjected to thermal
cycles with no plastic deformation, and the microstructure has the same grain structures
as the parent material (BM) [6,25]. The transients and gradients in strain, strain rate, and
temperature are inherent in the thermomechanical cycles of FSW, which control and shape
the characteristic microstructural zones of a typical FSW joint. During FSW, material flows
in a complex, vortex-like pattern around the pin from the advancing side to the retreating
side [14]. The high stacking fault energy metallic materials, such as aluminum, enhance
the dynamic recovery (DRV) to occur during the hot working process [36,37]. As the
DRV rate is increased, low-angle grain boundaries (LABs) are formed to minimize the
dislocation forest/multiplication by the rearrangement of most of the dislocations. In
DRX, new, dislocation-free grains form at high energy sites, such as prior grain boundaries,
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deformation band interfaces, or boundaries of newly recrystallized grains [38,39]. All the
herein mentioned mechanisms of formation for sub-grains and grains (TMAZ) and recrys-
tallized fine grains (NZ) are always also dependent on the material’s initial metallurgical
conditions and are subject to different FSW process and tool parameters. Thus, the aim of
this work was to examine the effect of FSW tool rotation rate and the welding speed on the
grain structure, texture, and mechanical properties of AA5083/AA5754. In this work, three
FSWed AA5083/AA5754 joints (J1: 600 rpm and 60 mm/min, J2: 400 rpm and 60 mm/min,
and J3: 400 rpm and 20 mm/min) were produced. Through the thickness of the produced
joints, the grain structure and texture were investigated using EBSD. In addition, both
the hardness distribution and tensile properties measurements were investigated. A full
description of materials and experimental procedures is in Section 2. The results and
discussion are presented in Section 3. The conclusion drawn from this work is in Section 4.

2. Materials and Methods

The materials under investigation are the aluminum alloys AA5083-O (AlMg4.5Mn0.6)
and AA5754-H14 (AlMg3.1). More details on the full chemistry of both AA5083-O and
AA5754-H14 are found in our previous work [11]. The temper designated “O” in AA5083-
O state means in the annealed condition, which is applied to increase subsequent alloy
workability. While “H14” in AA5754-H14 states that strain hardened-1/2 hard condition.
The hardness values of AA5083-O and AA5754-H14 are 68 and 74 HV, respectively; the
hardness values were measured using 1 Kg load and averaged out of 10 measurements.
Vickers hardness tester machine (HWDV-75, TTS Unlimited, Osaka, Japan) was used. The
alloys were supplied in the form of rolled plates of 10 mm thick. The FSW butt joints
were designed to be 200 mm × 110 mm on each side. Figure 1 represents a schematic for
the FSW process, showing all the basic elements and the movement direction. Friction
stir welding was carried to produce three different joints between the two aluminum
alloys with FSW rotation rates and welding traverse speeds combination as follows: J1
(600 rpm-60 mm/min), J2 (400 rpm-60 mm/min), and J3 (400 rpm-20 mm/min). The FSW
tool used was made from the H13 tool steel that was heat treated and tempered to 54 HRC
(hardness Rockwell C) hardness. The joints after production were section perpendicular to
the welding direction (WD) and prepared to read the optical macrographs. For the EBSD
investigation, samples from the top and bottom of the weld Nugget were cut. These samples
were then mechanically polished and subsequently electropolished with a solution of 30%
nitric acid in methanol for 60 s at 14 V and −15 ◦C. FEI Quanta FEG 250 Field Emission Gun
Scanning Electron Microscope (FEGSEM), FEI company (Hillsboro, OR, USA), equipped
with a Hikari EBSD camera controlled by EDAX-OIM7.3 (EDAX Inc. Mahwah, NJ, USA)
analysis software, was used for EBSD data acquisition and post processing. To evaluate the
changes in the mechanical properties due to the FSW process, the base alloys, as well as the
FSWed joints, were tested using tensile and hardness testing. Vickers macro-hardness tests
were performed on the transverse cross-sections with an interspacing distance of 2 mm
using a test load of 1 kg force and a dwell time of 15 s. The tensile test properties of the
welded stir zone and transverse flat tensile specimens were used. Tensile samples were
machined perpendicular to the FSW direction to the dimensions, as shown in Figure 2. The
specimen’s dimensions agree with the DIN EN10002-1 2001(D) standards. Tensile tests
were carried out at room temperature and at a quasi-static strain rate of ε 0.001 s−1 using
the tensile testing machine Instron Type 4210, Norwood, MA, USA.
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Figure 1. Schematic representation of the friction stir welding process.

Figure 2. Tensile test specimen dimensions.

3. Results and Discussion

3.1. Microstructural Features of the Base Aluminum Alloys

Figure 3 shows the inverse pole figure coloring maps (a, b), their corresponding grain
boundary maps with high angle boundaries (HABs) > 15◦ in black lines and low angle
boundaries (LABs) from 5◦ to <15◦ in red lines, and the grain size distribution charts for the
as-received aluminum alloys AA5754 and AA5083. The microstructures of the AA5754 and
AA5083 Al-alloys in the as-received conditions revealed a recrystallized grain structure.
The presented maps of both alloys showed random and fully recrystallized grain structures
without pronounced textures, as indicated by the color-code legend of grain orientations
and the low density of low angle grain boundaries. The average grain diameters of AA5754
and AA5083 alloys were measured to be 82.3 with a standard deviation of 29 and 93.5 μm
with a standard deviation of 34, respectively, as can be seen from the corresponding distri-
bution of grain diameters. The results of EBSD measurements of the as-received conditions
demonstrated insignificant differences in the initial grain structure of the base alloys.
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Figure 3. Microstructural characteristics of the AA5754 and AA5083 Al-alloys in the as-received condition. EBSD orientation
map, corresponding grain boundaries map, and grain size distribution histograms for (a) AA5754 and (b) AA5083 Al-alloys.

3.2. Microstructural Features of the FSWed Dissimilar AA5083-AA5754 Joints

Figure 4 shows a collage of the macro- and micrographs that reveal the main char-
acteristics of the grain structures for the dissimilar AA5754-AA5083 joints welded using
different combinations of rotation rates and travel speeds of the FSW tool. The macro-
graphs in the middle point out to the locations (Figure 4), where the EBSD measurements
were performed using 1 μm step size. Two locations (one at the top and the other at the
bottom) were investigated in the NG zone, almost along the vertical centerline for each
joint. Generally, the top locations in the NG zones (a, b, and c) showed always larger grain
structures than those developed at the corresponding bottom locations (d, e, and f). This
can be attributed to the high heat generated at the top surface due to the effect of both
the shoulder and the pin, while near the bottom of the NG is only affected by the pin
with lower heat experienced [12,24,32,40,41]. Furthermore, it is clear that the grain sizes
in the NG zones showed a dependency on the rotation and travel speeds as well. As can
be seen, the grain sizes of J1 manufactured at 600 rpm–60 mm/min (Figure 4a,d) were
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coarser than their counterparts of J2 manufactured at 400 rpm–60 mm/min (Figure 4b,e),
indicating a grain refining effect induced by the decrease in the rotation rate of the tool
from 600 to 400 rpm. On the other hand, the decrease in the welding traverse speed from
60 mm/min to 20 mm/min at a constant rotation rate of 400 rpm had not resulted in a
significant effect on the grain structure and the average grain size, as can be observed
from Figure 4c,f. The variation in grain sizes from the top to the bottom locations through
the thickness in the NG zones can be explained by the higher heat experienced at the top
regions of the joints due to the friction-induced heat caused by the contact between the
work-piece and the tool shoulder and pin during FSW, while the bottom regions are only
affected by the pin and accordingly experience a lower heat [42,43]. Another factor that
promotes a variation in heat from the top to the bottom of the NG zones is the thick section
of the welded plates, which contribute to a higher cooling capacity during FSW [44]. It is
also expected that the variation in heat from the top to the bottom through the thickness of
NG zones can be affected by the rotation and travel speeds. Accordingly, higher heat input
is excepted for the higher rotation speed and slower travel speed, which reflects the grain
structure evolution in J1 that experiences the highest heat input (coarse grain structure)
and in J2 that is exposed to the lowest heat input (finer grain structure). The obtained
results here are in agreement with that reported in work conducted by Ahmed et al. [24]
for the FSW of the thick section AA6082. They reported a significant reduction in the grain
size towards the bottom part of the weld NG, which they attributed to the lower heat
input experienced at the lower part due to the only pin effect relative to the top part of the
NG, which was affected by both the pin and the shoulder of the tool. Besides, there was a
significant reduction in the grain size by decreasing the heat input through the reduction of
the tool rotation rate. The grain-size distributions represented in grain diameter based on
the measured grain areas in the NG zones of J1, J2, and J3 are shown in Figure 5. The same
data-sets represented in Figure 3 were utilized to calculate the grain-size distributions at
the top locations (a, b, and c) and at the bottom locations (d, e, and f) for J1, J2, and J3,
respectively. It was remarked that the average measured grain diameters in the NG zones
at the top locations varied from 33, 25, to 24.5 μm, and at the bottom locations, changed
from 19, 12, to 11.8 μm for J1, J2, and J3, respectively. Obviously, the grain sizes in the NG
zones at the bottom locations were more than two times finer than those counterparts at the
top locations. It should be noted here that the effect of reducing the tool rotation rate was
more effective in controlling the grain size than increasing the traverse speed. Reducing
the tool rotation rate from 600 rpm to 400 rpm resulted in a reduction of the average grain
size at the top from 33 μm to 25 μm and at the bottom from 19 μm to 12 μm. On the
other hand, decreasing the traverse speed from 60 mm/min to 20 mm/min almost did not
affect the grain size parameters. In both cases, the average grain size was almost similar
at the top locations, about 25 μm, and at the bottom locations, about 12 μm. In terms of
grain orientation of the maps presented in Figure 4 and obtained at the top and the bottom
locations of the NG from each weld, it could be considered randomly orientated with
mixed <001> red, <101>green, and <111> blue orientations. It should be mentioned here
that the data presented in Figure 4 is the as-collected data in which there was a difference
between the FSW reference frame (TD, ND, WD) and the actual shear reference frame
(θ, z, r), as quantitatively determined in a detailed study by Ahmed et al. [45,46] for the
methodology to be applied to align the FSW reference frame with the shear reference frame
to obtain the real FSW texture and orientations. Figure 6 shows the inverse pole figure (IPF)
coloring maps with their corresponding (111) pole figures for the same data presented in
Figure 4 after applying the required rotations to align the FSW reference frame with the
shear reference frame. Now the IPF maps (Figure 6a−f) were dominated by the <111> blue
orientations due to the alignment of the <111> poles with shear plan normal (r). In terms
of texture, it could be observed from the (111) pole figures (PFs) that the texture was strong
texture with up to 10 times random and was mainly of simple shear texture. The (111) PF
of the J1 joint (Figure 6a,d) had the strongest texture with 10 times random at the top and
7 times random at the bottom of the NG. This could be attributed to the high amount of
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deformation experienced due to the high tool rotation rate (600 rpm) and the fast welding
speed (60 mm/min). The (111) PF of the J2 joint (Figure 6b,e) had slightly relatively less
strong texture with 6 and 5 times random at the top and bottom of the NG, respectively.
The (111) PF of the J3 joint (Figure 6c,f) showed strong texture with 7 times random at the
top and only 3 times at the bottom. This indicates the effect of the FSW parameters on
the strength of the texture components. In all cases, the textures were of the simple shear,
which is the main type of texture reported in the NG of FSWed aluminum alloys [45,46].

3.3. Mechanical Properties

Vickers macro-hardness distribution profiles on the transverse cross-sections of the
joints produced by FSW are shown in Figure 7. Figure 7a–c show the hardness maps for
the three joints (J1, J2, and J3); it can be noted that the FSW-affected zones were diffusing
and extended to a width of 22 mm at the bottom of the butt joint and increased to reach
around 40 mm at the upper surface due to the effect of the friction and the pressure applied
by the rotating shoulder to the surface of the joint.

The conical shape of the SZ and HAZ was more obvious at the joints with low ω/v
values of 10 (J1: 600 rpm and 60 mm/min). The FSW nuggets showed the lowest hardness
values due to the heat input concentrated in these regions, causing softening of the stirred
regions of the joined materials. At both applied rotational speeds (400 and 600 rpm), the
lower hardness region took place in the upper surface of the joints at the lowest travel
speed (20 mm/min) and then appeared in the lower half of the cross-section at the highest
travel speed (60 mm/min). This statement confirmed the softening effect of the friction
and pressure of the pin shoulder on the upper surface of specimens [47].

Figure 8 represents the engineering tensile stress-strain curves of the base alloys
AA5083 and AA5754 and the FSWed dissimilar joints. Flow behavior of the Al–Mg alloys of
the series AA5XXX have been investigated at quasi-static and high strain rate ranges [48,49]
and showed similar serration in the flow curves, which are related to the so-called Portevin-
Le Chatelier effect [49–51]. This effect is due to successive pinning and unpinning of the
moving dislocations by the solute atoms. The base aluminum alloys show typical stress-
strain curves with moderate hardening, followed by a wide plastic strain range up to the
ultimate tensile stress, followed by a slow decrease of stress value up to fracture.

Table 1 includes the tensile properties of the tested specimens of the welded joints
compared with that of the base alloys. The tensile sample of the FSWed joint at the
revolution of 400 rpm and travel speed of 60 mm/min (J2: 400-60) showed similar behavior
to the base materials, except that the short plastic strain range was lower than the base
alloys. This showed higher tensile stress than the base alloy AA5083 from the beginning
of the plastic strain region till its ultimate tensile stress value (224 MPa) and decreased
till fracture at a total elongation of 23%. Relating the ultimate tensile value of this joint
to the ultimate tensile value of the base alloy AA5083 resulted in a welding efficiency of
96%. The other two tensile samples of the FSWed joints ((J1: 600-60) and (J3: 400-20)) were
early fractured at strains of 5.5% and 4.3%, respectively, before reaching the ultimate tensile
value. This behavior was due to the presence of some welding defects, such as tunnels
or pores [52]. However, the yield stress of the tensile sample taken from these joints (J1:
600-60 and J3: 400-20) was comparable with the yield stress of the base alloy AA5083. The
increased strength and the soundness of the sample (J2: 400-60) were related to the lowest
heat input value, as shown in Table 1, where its heat index value was one third that of the
sample J3: 400-20 and one half of the sample J1: 600-60.

To describe the flow behavior of the tensile stress-strain curves (σ − ε) of the materials
under investigation, the engineering curves were transferred to the true stress-true strain
(σf − ϕ) up to the ultimate point by these formulas: true stress σf = σ (1 + ε) and true
strain ϕ = ln (1 + ε).
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Figure 4. Macrostructure representing three different FSWed AA5754-AA5083 joints J1, J2, and J3 prepared by applying
different combinations of rotation and travel speeds (rpm-mm/min) of 600-60, 400-60, and 400-20, respectively. EBSD
measurements were performed at the centerline in the NG zone for each joint at the corresponding specified top locations
(a–c) and bottom locations (d–f) for J1, J2, and J3, respectively. The inverse pole figure coloring (IPF) maps and their
corresponding grain boundary (GB) maps are represented for all the denoted locations.
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Figure 5. Distribution of grain diameters for the different dissimilar friction stir welded (FSWed) joints prepared using
different rotation and travel speeds. (a–c) at the top locations and (d–f) at the bottom locations in the NG zones of J1, J2, and
J3, respectively.

Table 1. Friction stir welding conditions and tensile properties.

State Welding Conditions Tensile Properties

#
Heat Index

ω2/v
σUTS

(MPa)
Total Strain

(%)
Welding Efficiency

(%)

Base AA5754 - - 251 28.50 –
Base AA5083 - - 233 34 –

AA5083-
AA5754

J1 6000 178 5.50 77
J2 2666 224 23 96
J3 8000 153 4.30 66

There are many published models describing the flow behavior of metallic materi-
als [53–55]. The description model can be selected depending on the suitability for the
specific material and the test conditions. The model simplicity for application, represented
in the low number of model parameters, is a factor helping the spread of some models. The
flow curves of the tested samples were described using the empirical formula relating the
flow stress (σf ) and true strain (ϕ) after Ludwik [56]:

σf = σo + k (ϕ)n (1)

where initial flow stress (σo) is the flow stress at the plastic strain of ϕ = 0, k is a material
parameter, and n is the material strengthening parameter.
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Figure 6. IPF coloring maps with their corresponding (111) pole figures for the same data presented in Figure 4 after
applying the required rotations to align the FSW reference frame with the shear reference frame. (a–c) are the IPF maps
after rotation and their corresponding (111) pole figures for the EBSD data obtained at the top locations given in Figure 4.
(d–f) are the IPF maps after rotation and their corresponding (111) pole figures for the EBSD data obtained at the bottom
locations given in Figure 4.
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Figure 7. Hardness distribution maps over the cross-section of the FSWed joints (a) J1: 600 rpm–60 mm/min, (b) J2: 400 rpm
60 mm/min, and (c) J3: 400 rpm and 20 mm/min.

Figure 9 shows the description of the plastic flow curves of the base alloys AA5754 and
AA5083 and the FSWed joints using the Ludwik formula. It can be seen that the selected
empirical model described the curves very well. The materials parameters (k and n) of
the base alloys were relatively low due to the combination of the flow curve of the higher
strengthening rate region at the beginning of the flow curve and the moderate hardening
in the steady-state region up to the end of the flow curve. The samples of the joints welded
at the conditions 400-20 and 600-60 showed higher strengthening parameter (n) and higher
material parameter (k) than the base alloys due to the early fracture of the samples, leading
to shortening of the flow curves, especially the lower strengthening rate region at the end
of the curve. However, the FSWed joint using pin revolution of 400 rpm and a travel speed
of 60 mm/min showed the highest strengthening parameter (n = 0.494) with a moderate k
value of 413. The tensile flow parameters of the flow curves are summarized in Table 2. In
the three joints (J1, J2, and J3), the fracture mechanism was ductile mode with very clear
dimple features, and it is fully characterized in [9].
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Figure 8. Engineering tensile stress-strain curves of the base alloys AA5083 and AA5754 and the
FSWed dissimilar joints at the conditions 400 rpm/20 mm/min, 400 rpm/60 mm/min, and at
600 rpm/60 mm/min.

 
Figure 9. Description of the true tensile stress-strain curves of the base alloys AA5083 and AA5754
and the FSWed dissimilar joints using Ludwik formula.
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Table 2. Tensile flow parameters of the flow curves.

State
ω

(rpm)
v

(mm/min)
σo

(MPa)
k

(MPa)
n

(–)

Base 5754 – – 140 352 0.458
Base 5083 – – 95 390 0.441

FSWed
600 60 100 474 0.490
400 60 107 413 0.494
400 20 80 507 0.48

4. Conclusions

• Microstructure observations using EBSD revealed a significant grain refinement effect
for the rotation rate than that of the welding speed during dissimilar FSW of AA5754-
AA5083 joints. The average grain size reduced from 19 μm to 12 μm by the reduction of
the rotation rate from 600 rpm to 400 rpm at a constant welding speed of 60 mm/min,
while almost similar average grain size (12 μm) was obtained by the reduction of
welding speed from 60 mm/min to 20 mm/min at a constant rotation rate of 400 rpm.

• The combination of the lowest applied tool rotation rate of 400 rpm and welding speed
of 20 mm/min promoted a significant grain structure refinement, attributable to a
decreased heat input compared with other welded joints at 400 rpm-40 mm/min and
600 rpm-60 mm/min.

• The generally observed fine grain structure in the bottom region of nugget zones for
all joints was explained by the thickness-induced high cooling capacity, preventing
grain growth, besides being the bottom region affected by the pin not by the shoulder
and pin together as the case in the top regions.

• Hardness distribution maps revealed the softening of the nugget zone. The increased
heat generated by the pin shoulder made the upper region of the nugget zone more
soft than the lower zone.

• Tensile flow curves of the tested materials were well described using the Ludwik
formula, and the materials parameters were sensitive to the hardening effect resulting
from the FSW-ing process. The FSWed joint (400-60) showed the highest strengthening
parameter (n = 0.494) with a moderate k value of 413 MPa.
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Abbreviations

AA Aluminum alloy
AS Advancing side
BM Base material
DRV Dynamic recovery
DRX Dynamic recrystallization
EBSD Electron backscatter diffraction
EDAX Energy dispersive analysis of X-rays
EDX Energy-dispersive X-ray
FSW Friction stir welding
FSWed Friction stir welded
HABs High angle grain boundaries
HAZ Heat affected zone
HI Heat input, J/mm
HV Hardness Vickers
HRC Hardnedd Rockwell C
IPF Inverse pole figure
k Material parameter
LABs Low angle grain boundaries
Mg Magnesium
Mn Manganese
n Strengthening parameter
ND Normal direction
NG Nugget zone
rpm Revolution per minute
RS Retreating side
SEM Scanning electron microscope
SZ Stirred zone
TD Transverse direction
TMAZ Thermomechanical affected zone
v Welding speed, mm/min
WD Welding direction
WN Welding nugget
ε Engineering strain
σ Engineering stress
σ0.2%: 0.2 offset yield stress, MPa
σf: Flow stress, MPa
σUTS: Ultimate tensile strength, MPa
ϕ True strain
ω Rotational speed, rpm
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Abstract: In this work, weldability and hot cracking susceptibility of five alloy 718 investment
castings in laser beam welding (LBW) were investigated. Influence of chemical composition, with
varying Si contents from 0.05 to 0.17 wt %, solidification rate, and pre-weld heat treatment were
studied by carrying out three different weldability tests, i.e., hot ductility, Varestraint, and bead-on-
plate tests, after hot isostatic pressing (HIP) and solution annealing treatment. Onset of hot ductility
drop was directly related to the presence of residual Laves phase, whereas the hot ductility recovery
behaviour was connected to the Si content and γ grain size. LBW Varestraint tests gave rise to
enhanced fusion zone (FZ) cracking with much more reduced heat-affected zone (HAZ) cracking that
was mostly independent of Si content and residual Laves phase. Microstructural characterisation
of bead-on-plate welding samples showed that HAZ cracking susceptibility was closely related to
welding morphology. Multiple HAZ cracks were detected in nail or mushroom welding shapes,
typical in keyhole mode LBW, irrespective of the chemical composition and thermal story of castings.
In all LBW welds, Laves phase with a composition similar to the eutectic of the pseudo-binary
equilibrium diagram of alloy 718 was formed in the FZ. The composition of this regenerated Laves
phase matched with the continuous Laves phase film observed along HAZ cracks. This was strong
evidence of backfilling mechanism, which is described as wetting and infiltration of terminal liquid
along γ grain boundaries of parent material. The current results suggest that this cracking mechanism
was activated in three-point intersections resulting from perpendicular crossing of columnar grain
boundaries with fusion line and was enhanced by nail or mushroom weld shapes and narrow and
columnar γ grain characteristics of castings. Neither Varestraint nor hot ductility weldability tests
can reproduce this particular cracking mechanism.

Keywords: investment casting; alloy 718; hot cracking mechanism; Varestraint test; laser beam welding

1. Introduction

Alloy 718 was developed almost 60 years ago [1] and it has been the most widely
used Ni-based superalloy to date. Being a precipitation-strengthened superalloy, it has
been broadly used for the manufacturing of both land-based energy and aircraft turbine
components, showing an outstanding performance at working temperatures up to 700 ◦C
under high structural loading and corrosive conditions [2].

While other precipitation-hardened Ni superalloys have relatively high amounts of
gamma prime (γ’) former elements, i.e., Al and Ti, alloy 718 is based on the addition of Nb,
which forms metastable gamma double-prime (γ”) precipitates of Ni3Nb. The precipitation

Metals 2021, 11, 402. https://doi.org/10.3390/met11030402 https://www.mdpi.com/journal/metals413
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kinetics of γ” is slower compared to γ′ (Ni3Al, Ni3Ti and Ni3(Ti, Al)), which contributes to
improve castability, hot working, and weldability. The improvement is basically due to the
fact that alloy 718 remains in a softer state during these manufacturing processes, avoiding
the build-up of internal stresses. In terms of weldability, the sluggish precipitation kinetics
of alloy 718 minimises strain age cracking (SAC) after welding and during post-welding
heat treatment [2].

Alloy 718 investment castings are usually melted and poured inside vacuum furnaces
and subsequently heat treated by hot isostatic pressing (HIP) to ensure highest perfor-
mance. Intermetallic phases such as NbC and Nb-rich Laves phase can be found in alloy
718 castings due to segregation of chemical elements during slow solidification [3,4]. These
secondary phases solidify at low temperatures (e.g., γ/Laves eutectic at temperatures
down to 1180 ◦C) and they are usually concentrated along grain boundaries. Melting of
Laves phases that are formed during the terminal solidification has been identified as the
origin of the higher cracking susceptibility of castings during welding in comparison with
wrought alloy 718 [4,5]. The reason for this is that Laves phase is readily melted upon
heating in contrast with constitutional liquation of NbC that requires a dissolution reaction
to form a liquid [2,6]. The latter is the predominant liquation mechanism identified in
welds of wrought parts [2,6,7].

Incipient melting of Laves phase gives rise to a liquid which is distributed along
grain boundaries, drastically reducing the strength of the material and its capability to
withstand stresses. Therefore, sophisticated thermal treatments have been developed with
the aim of reducing the amount of Laves phases and consequently heat-affected zone (HAZ)
liquation cracking susceptibility of alloy 718 castings [4,8,9]. The aim of these treatments
is to solubilise deleterious Laves phase and reduce compositional gradients in the as-cast
microstructure. In fact, the concentration of several residual elements such as B, P, and S in
grain boundaries can promote HAZ liquation cracking to a higher degree by decreasing
even more the initial melting temperature and modifying the wetting characteristics of the
intergranular liquid [4,10–12].

Formation of γ/Laves eutectic can also cause fusion zone (FZ) cracking in alloy
718 welds. This eutectic solidifies at a much lower temperature than the bulk matrix and
wi-dens the solidification temperature range [2,4]. Wider solidification temperature range
is directly associated with higher hot cracking susceptibility due to a longer coexistence of
solid and liquid phases.

In order to study hot cracking susceptibility of Ni superalloys, researchers have
defined and implemented different weldability assessment trials [2]. They are usually
classified into three categories.

Self-restrained or representative tests use the inherent strain of the welding to induce
cracking. They try to reproduce real joint configuration and residual stress levels. The
drawback of this type of test is that it does not give quantitative values of cracking suscep-
tibility and the result only indicates if the weld cracks pop up or not. Sometimes circular
welding paths are applied to induce higher residual stresses.

In simulative tests, either a tension or bending deformation is externally applied
du-ring welding. The Varestraint test is probably the best known test in this category,
entai-ling the application of bending deformation along the longitudinal direction of the
weld. The development of the Varestraint testing method from its origin was thoroughly
reviewed by Andersson et al. [13]. Deformation enhances hot cracking and its extension,
i.e., number and length of cracks, which can be determined at different strain levels. In this
way, cracking susceptibility of different materials can be compared [14,15]. However, in
real welding applications, residual stresses are predominant in contrast with plastic strain.

Finally, both strength and ductility are directly measured at high temperatures in
hot ductility tests. In these tests, the temperature at which the material loses complete its
strength (nil strength temperature (NST)) is determined by heating up testing samples
under a constant tensile load. Additionally, nil ductility temperature (NDT), correspon-
ding to the peak heating temperature at which the area reduction of the broken surface
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is 0%, and the ductility recovery temperature (DRT), at which 5% of area reduction is
reco-vered after cooling down from a temperature close to NST, are computed. NDT
and DRT are determined from on-cooling curves and the strain is only applied when the
testing temperature has been reached. Hot ductility behaviour is linked to hot cracking
susceptibility since cracks are generated when the material cannot accommodate stresses
and strains induced during welding [2,9].

In a recent paper [16], the current authors compared the hot cracking susceptibility of
wrought and investment casting alloy 718 by Varestraint test while applying pulsed and
continuous tungsten inert gas (TIG) welding and LBW. It was concluded that hot cracking
was enhanced in LBW samples due to extended centre line fusion zone (FZ) cracking
showing a fishbone-like cracking pattern. Minor influence of pulsation mode and grain
size was observed and, in fact, casting samples with grain sizes 30 times coarser showed
slightly better performance than wrought material. It must be noted that Laves phases
were not observed in investment casting samples and only some traces of needle-like delta
(δ) phase and Mo sulphide were detected in base material.

Pulsed current can refine solidification microstructure and reduce the amount of Laves
phase and Nb segregations in TIG welds according to [17,18]. Moreover, Bai et al. [19]
recently investigated the potential benefits of combining high-frequency micro-vibration
and LBW. Under particular vibration frequencies, the length of the liquation cracks in HAZ
was reduced, but not completely avoided. The authors performed bead-on-plate tests and
obtained weld cross sections with nail or mushroom shape. LBW has also been studied in
alloy 718 parts by other researchers [20–25]. These investigations targeted the influence of
LBW parameters and energy input on porosity, microstructure, and mechanical properties
of these welds. A deep analysis of HAZ cracking susceptibility of this alloy during LBW
was performed in particular by [20,22]. Impact of weld shape morphology, grain size,
pre-weld heat treatment, and boron segregation were investigated.

In this work, weldability and hot cracking susceptibility in laser beam welds of five
alloy 718 investment castings were investigated. Influence of chemical composition, Si
content, solidification rate, and pre-weld heat treatment was studied by carrying out three
different weldability tests. Cracking behaviour was compared, and results were completed
with the detailed microstructural analysis after welding tests. Additionally, influence of pre-
weld heat treatment on microstructure of parent material is discussed. An analysis about
the correlation of weldability assessment test results, i.e., Varestraint and hot ductility, with
cracking trend observed in real bead-on-plate LBW trials was performed. Fundamentals of
the mechanism that triggers HAZ cracking in bead-on-plate test are explained.

2. Materials and Methods

2.1. Investment Casting and Chemical Composition of Alloy 718 Casting Heats

Investment casting moulds were manufactured, incorporating 20 test samples as flat
plates of 150 × 50 × 10 mm in each mould. Moulds were covered with a ceramic shell
composed by three primary layers and five backup layers, dewaxed, preheated, poured,
and later demoulded, as described in Figure 1.

Casting samples were cast at industrial facilities under vacuum conditions. The mould
preheating temperature was always 1150 ◦C, whereas the molten material was poured at
1450 ◦C.

The chemical composition of the different castings is shown in Table 1. The content
of each alloying element was determined in cast samples using the following analytic
techniques. C and S contents were measured by combustion and infrared absorption; N by
inert gas fusion and thermal conductivity; O by inert gas fusion and infrared absorption;
and finally Si, Mn, P, Fe, Cr, Mo, Ti, Al, and Nb contents were determined by spark atomic
emission spectrometry. Co and B contents were not measured in casted samples, but they
were taken from the chemical composition of the ingots employed as raw material for
castings averaging 0.11 wt % and 0.002 wt %, respectively.
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(a) Mould in wax (b) Mould with shell (c) Mould without shell 

Figure 1. Investment casting moulds in different manufacturing steps.

Table 1. Chemical composition of alloy 718 casting heats in weight percentage.

Ref. Ni C Si Mn P S Fe Cr Mo Ti Al Nb + Ta

O 51.9 0.047 0.051 <0.050 <0.010 <0.005 21.1 17.8 3.02 0.89 0.47 4.75
E 52.1 0.049 0.11 0.037 <0.010 <0.005 20.4 17.6 2.91 0.98 0.59 4.92
P 51.7 0.038 0.17 <0.050 <0.010 <0.005 21.1 17.7 3.02 0.89 0.46 4.85

N/NP 52.5 0.058 0.12 0.038 <0.010 <0.005 20.3 17.7 2.88 0.77 0.47 4.88

Note that mould O (low Si content) was manufactured by using high purity ingots
as raw material. In mould P (high Si content), Si was intentionally added during vacuum
melting, and chemically adjusted ingots (28 Kg in total) were manufactured in a first
melting step. Mould E corresponded to conventional chemical composition and casting
process, whereas the cooling rate during solidification was reduced in moulds N and NP by
incorporating 1 ceramic blanket over cast parts. The cooling rates between 800 and 500 ◦C
were determined and they were 0.52 ◦C/s and 1.65 ◦C/s for the moulds with blanket (ref.
N/NP) and without blanket (ref. O/E/P), respectively.

Once parts were shot blasted, they were submitted to a heat treatment process, accord-
ing to GKN V.AC:9922 standard and comprising HIP and solution annealing thermal cycles.
An additional solubilisation pre-HIP treatment consisting of solubilisation at 1052 ◦C for 2 h
followed by air cooling was applied to slowly cooled mould NP. The goal of this treatment
was to dissolve Laves phases before HIP treatment.

2.2. Weldability Assessment Trials

Three different weldability assessment trials were carried out with the 5 investigated
alloy 718 casting heats after completing heat treatments described in the previous section,
thus, in the solution annealing state. LBW Varestraint tests were carried out in a testing de-
vice (Figure 2) that was fully designed and manufactured at LORTEK [15,16]. Performance
of the test bench complied with general requirements of ISO/TR 17643-1 “Destructive
tests on welds in metallic materials—Hot cracking tests for weldments—Arc welding
processes—Part 3: Externally loaded tests” [26]. LBW Varestraint tests were performed
on 3.2 mm thickness samples that were electric discharge machined (EDM) from 10 mm
thickness casting plates. External surfaces were milled before testing. LBW was applied
on the surface of testing samples without adding any filler metal by TRUDISK 6002 disk
laser from TRUMPF company, Ditzingen, Germany. The laser beam was guided through
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400 μm diameter fibre to a TRUMPF BEO D70 laser welding head (200 mm focus length
and 200 mm collimation length). LBW Varestraint tests were completed at 0.5 m/min
welding speed, 2300 W continuous mode power, and 0.8 mm diameter spot size. Tests
were performed in a closed chamber filled by argon gas to avoid surface oxidation and
provide good shielding conditions.

  
(a) (b) 

Figure 2. (a) LBW Varestraint testing device and (b) measurement of total crack lengths (TCL). Labels of individual cracks
in fusion zone (FZ) and heat-affected zone (HAZ) are displayed.

Different augmented strains (ε) were applied during LBW by bending the samples
along their length at 150 mm/s stroke rate and employing several interchangeable die
blocks with radii varying from 20 to 320 mm. The induced augmented strains which are
calculated by the following equation were in the range from 0.5 to 8%.

ε =
t

2·R × 100, (1)

where ε is the resulting augmented strain as a percentage, t is the thickness of the sample
in millimetres, and R is the radius of the die block in millimetres. Two expendable support
plates of 304 stainless steel were positioned in both sides of the testing samples to avoid
kinking. Both FZ and HAZ cracking susceptibility were studied by determining total crack
lengths (TCL) in these two zones of the welds [2,13,14].

Note that in this case, cracks were measured on the surface of the testing samples
using magnification lenses (up to 150×) and after cleaning the surface of the welds by soft
manual polishing and oxalic acid electroetching to avoid reflections.

Additionally, hot ductility tests of 5 casting heats were carried out in Gleeble 3800D
thermomechanical simulator (DYNAMIC SYSTEMS INC., Austin, USA) owned by West
University in Sweden. Here, 6 mm (−0.025 mm, +0.01 mm) diameter cylindrical shape
samples were finely turned from 10 mm thickness as-cast plates. Hot ductility testing
setup and guidelines included in Gleeble Users Training 2010 handbook were applied.
These are comparable to the testing specifications included in procedure B of [26], with
minimum differences in samples length. NST temperature was only determined in mould
E, concentrating the overall weldability assessment of 5 alloys on on-heating and on-
cooling tests. A heating rate of 111 ◦C/s from room to testing temperatures was employed
in on-heating tests, whereas samples were heated up to 1195 ◦C at the same heating
rate and subsequently cooled down at 50 ◦C/s to each testing temperature in on-cooling
trials. Temperature profile was recorded with K-type thermocouple welded to the surface
of testing samples in the area between clamps. The samples were pulled to fracture at
55 mm/s stroke rate. Percentages of area reduction from initial 28.3 mm2 (i.e., 6 mm
diameter) were measured to determine ductility at the different testing temperatures.

Finally, self-restrained bead-on-plate LBW trials were carried out in casting plates.
In these representative tests, the parent materials were remelted by scanning the surface
with a laser beam with the same energy distribution, shielding conditions and parameters
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employed in LBW Varestraint tests. In this case, trials were carried out in samples with less
than 3 mm thickness (between 2.6 and 2.9 mm) and 9 mm thickness, the latter resulting
from the surface grinding of casting samples. Cross-sections of bead-on-plate samples were
metallographically characterised to detect cracks in FZ and HAZ.

2.3. Metallographic Characterisation

As-cast, heat-treated, and bead-on-plate welding samples were characterised by op-
tical microscopy (OM) in a LEICA MEF4 microscope (LEICA MICROSYSTEMS GmbH,
Wetzlar, Germany) and field emission scanning electron microscopy (FESEM) with a ZEISS
Ultra Plus microscope (CARL ZEISS AG, Oberkochen, Germany). Energy-dispersive X-ray
(EDX) spectroscopy analysis was conducted in the FESEM microscope to determine local
chemical composition of precipitates and phases. Average chemical composition of the
Laves phases was determined through EDX analysis of 5 phases for each casting heat.
For the metallographic analysis, cross sections were prepared by grinding and polishing
using standard procedures. The area percentage of carbides was determined by image
analysis of 5 images obtained by OM at 100× (HAZ and BM) and 500x (FZ) using Leica
application suite V4.2. The area percentage of Laves phases + carbides was determined
through SEM at 500× in the heat-affected zone (HAZ) and in the base metal (BM), and at
2500× in the fusion zone (FZ). Finally, the Laves phase area percentage was obtained by
subtracting the carbide area percentage obtained by OM from the area percentage of Laves
phases + carbides obtained by SEM.

The microsegregation degree of alloying elements was evaluated by the segregation
ratio (SR), which can be calculated using the following formula [27]:

SR = Ci;IR/Ci;DC (2)

where Ci,IR is the maximum concentration of element i in interdendritic region, and Ci,DC
is the minimum concentration of element i in dendrite core. For SR < 1, solute elements
tend to segregate to dendrite core during solidification; when SR > 1, the alloying elements
partition towards the interdendritic region. If SR values are close to 1, the corresponding
elements do not favourably segregate to any region. The concentration of each element
was determined by EDX analysing 8 points in 3 different regions; an example is shown in
Figure 3.

 
Figure 3. Location of EDX analysis points for determining the segregation ratio.

Grain size was revealed by etching with Kalling 2 reagent. Dimensions of at least
10 grains were analysed for each casting heat in cross-sections. The grain size was de-
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termined from the horizontal and vertical mean intersection lengths between 2 grain
boundaries of grains.

The solidification path and evolution of Laves phases were studied by Thermo-Calc
software (using TCNI10 and MOBNI4 databases). Scheil simulation, considering back
diffusion of alloying elements in the primary phase, was performed at a high cooling rate of
100 ◦C/s, similar to the expected welding cooling rates, for alloys with different Si contents
(moulds O, E, and P).

3. Results

3.1. As-Cast Microstructure

The secondary phases observed in the five moulds or casting heats in as-cast condition
are shown in Figure 4. The as-cast microstructure of the five moulds consisted of a γ matrix,
Laves phases, Nb carbides (NbC), and smaller quantities of TiNb carbonitrides (TiNbCN).
In the moulds with slow solidification rate, additional δ and γ” phases were observed in
the segregated interdendritic region. Laves phases and carbides show similar colour and
also morphologies when analysed by SEM; thus, for identification it is necessary to perform
an EDX analysis. Therefore, for the quantification of the Laves phase area percentage
included in Table 2, first the area percentage of Laves phases + carbides was determined by
SEM images. Second, the area fraction of carbides was evaluated by optical microscopy,
which revealed in the unetched state only the presence of carbides. Finally, as it is also
explained in Section 2.3, the Laves phase area percentage was obtained by subtracting
the area percentage of carbides obtained by OM from the area percentage obtained by
SEM (Laves + carbides). It can be observed that, as the Si content of the alloy increased
from 0.051 wt % (mould O) to 0.17 wt % (mould P), the area percentage of Laves phases
increased from 2.2% to 3.5% and the Si content in the Laves phases increased from 0.28 to
1.29 wt %.

High segregation of alloying elements to the interdendritic spaces, particularly for Nb
and Ti but also Mo, was observed in the as-cast state of every mould. A slight depletion in
Fe and Cr was observed in those interdendritic spaces (Table 3).

The characteristics of the γ grains are depicted in Table 4. It can be observed that
the grains of moulds fabricated with normal solidification rate (moulds O, E, P) showed
a highly columnar grain morphology and an aspect ratio between 3.0 and 3.2, while the
slowly solidified moulds presented a coarser grain size and aspect ratio below 2.0. Mean
width was measured as the mean horizontal distance between grain boundaries, whereas
mean length corresponded to distance along sample thickness. Morphology and grain size
of γ grains in as-cast samples is shown in Figure 5.

3.2. Microstructure after Heat Treatment and before Welding Trials

Heat treatment did not modify the as-cast grain size and morphology observed in
Figure 5, however, segregation and amount of Laves phase were significantly reduced
in comparison with as-cast condition as can be concluded by comparing Tables 3 and 5.
The characteristics of the Laves phases after heat treatment (HIP+S) are shown in Table 2,
together with the ones of as-cast samples. No Laves phases were detected in the low and
standard Si-bearing alloys (moulds O and E), but small area percentages between 0.14 and
0.35% remained in high-Si alloy (mould P) and slowly solidified alloy with (mould NP)
and without pre-HIP (mould N) heat treatments. It is also worthwhile mentioning that
after heat treatment, the Laves phase composition was enriched in Mo and Si.

419



Metals 2021, 11, 402

  
(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4. Secondary phases present in the microstructure of different moulds in the as-cast state: (a) O, (b) E, (c) P, and (d)
NP; (e) NP: magnification of (d) showing the presence of Laves, δ phase, and γ” in the interdendritic region.
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Table 2. Area percentage and chemical composition of Laves phases (in wt %) as-cast and after heat treatment obtained by /
EDX) analysis (* Laves phase was not detected).

Mould State Area % Laves Al Si Ti Cr Fe Ni Nb Mo

O
As-cast 2.20 0.13

± 0.05
0.28

± 0.06
0.91

± 0.07
11.86
± 0.05

11.98
± 0.24

34.02
± 0.64

33.90
± 0.50

7.67
± 0.50

HIP + S * 0 - - - - - - - -

E
As-cast 2.40 0.15

± 0.03
0.78

± 0.09
1.02

± 0.06
11.57
± 0.46

11.63
± 0.40

34.94
± 0.48

32.49
± 0.79

7.42
± 0.38

HIP + S * 0 - - - - - - - -

P
As-cast 3.50 0.13

± 0.05
1.29

± 0.08
0.95

± 0.05
11.15
± 0.41

11.95
± 0.36

34.63
± 0.43

32.11
± 0.70

7.80
± 0.34

HIP + S 0.35 0.08
± 0.06

2.02
± 0.07

0.59
± 0.09

11.43
± 0.07

12.82
± 0.24

29.76
± 0.33

30.90
± 0.76

12.39
± 0.53

N
As-cast 2.60 0.17

± 0.02
0.91

± 0.11
0.81

± 0.08
11.19
± 0.21

11.10
± 0.21

34.54
± 0.26

33.94
± 0.35

7.40
± 0.16

HIP + S 0.19 0.09
± 0.06

1.71
± 0.07

0.52
± 0.11

11.48
± 0.24

11.89
± 0.24

30.15
± 0.037

30.85
± 0.38

13.99
± 0.69

NP
Pre-HIP 2.10 0.17

± 0.06
1.19

± 0.12
0.67

± 0.14
10.90
± 0.70

11.29
± 0.39

32.59
± 0.55

34.10
± 0.97

9.09
± 0.49

Pre-HIP + HIP + S 0.14 0.16
± 0.05

1.76
± 0.11

0.53
± 0.05

10.98
± 0. 30

11.83
± 0.20

30.97
± 0.71

31.28
± 0.88

12.62
± 0.93

Table 3. Segregation ratio (SR) of alloying elements in the as-cast state.

Mould Ti Nb Mo Fe Cr

O 2.28 3.70 1.49 0.76 0.86
E 2.37 3.75 1.25 0.79 0.85
P 2.57 3.95 1.40 0.78 0.88
N 2.04 2.73 1.37 0.78 0.82

Table 4. Grain size (mean with and length with standard deviation) in the as-cast state.

Mould
Mean Width

(mm)
Mean Length

(mm)
Aspect
Ratio

Morphology

O 1.1 ± 0.35 3.4 ± 0.92 3.1 Columnar
E 1.0 ± 0.46 3.2 ± 0.97 3.2 Columnar
P 1.1 ± 0.33 3.3 ± 0.78 3.0 Columnar

N/NP 2.1 ± 0.34 3.4 ± 0.71 1.5 Coarse, slightly columnar

3.3. LBW Varestraint Weldability Test Results

Figure 6 shows the hot cracking behaviour observed in the five casting heats that was
determined by LBW Varestraint test. Moulds O (low Si), P (high Si), and E (standard Si),
which were cast without ceramic blanket and therefore solidified at quicker cooling rates,
were tested at augmented strain levels from 1 to 8%. Slowly cooled heats (moulds N and
NP) were only tested up to 4% augmented strain. Results show that in all casting heats, FZ
cracking was much more prominent than HAZ cracking. In fact, TCL measured in FZ was
more than 5–6 times longer than in HAZ. At 8% augmented strains, TCL determined in the
HAZ ranged between 2.5 and 5 mm, whereas for the same testing conditions, TCL in FZ
was between 20 and 30 mm. Therefore, it was observed that LBW Varestraint test mainly
enhanced FZ cracking.
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(a) (b) 

  

(c) (d) 

Figure 5. Grain size of different moulds in the as-cast state: (a) O, (b) E, (c) P, and (d) NP.

Table 5. Segregation ratio (SR) of alloying elements after heat treatment.

Mould Ti Nb Mo Fe Cr

O 1.29 1.37 1.28 0.89 0.93
E 1.27 1.16 1.32 0.94 0.95
P 1.20 1.34 1.28 0.93 0.94
N 1.13 1.52 1.52 0.98 0.99

NP 1.33 1.35 1.23 0.92 0.94

 
(a) (b) 

Figure 6. (a) FZ and (b) HAZ cracking response of five alloy 718 casting heats in LBW Varestraint test.
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Mould P (high Si content) showed a comparatively higher cracking susceptibility than
the rest of the heat levels. Nevertheless, mould O (low Si) was ranked second in terms
of trend towards FZ and HAZ cracking. Mould E with intermediate Si content and NP
showed slightly lower TCL values, whereas behaviour of mould N was in between.

3.4. Hot Ductility Weldability Test Results

Figure 7 describes the area reduction percentage determined in on-heating and on-
cooling hot ductility tests for the five casting heats. Continuous lines correspond to the
grade 3 polynomial fitting of experimentally determined on-heating test results, whereas
dashed lines depict on-cooling behaviour. Looking at on-heating curves, the ductility at
temperatures between 950 and 1000 ◦C was higher than 60% for the five moulds, showing
comparatively higher values in the case of mould E and O (low Si content). Between
1000 and 1050 ◦C, ductility started to drop, and at 1150 ◦C it was already below 2%, which
meant that the capability to deform without breaking had been completely lost. Again,
at intermediate 1100 ◦C, moulds E and O (low Si content) showed comparatively better
performance in terms of ductility, which was the reason why fitting curves were slightly
displaced towards higher temperatures. This means that the onset of ductility drop in these
two moulds was delayed to some extent.

 
(a) (b) 

Figure 7. On-heating and on-cooling curves in terms of area reduction percentage and testing temperature for moulds E, O,
and P (a), and N and NP (b).

Differences between casting heats were much more evident in on-cooling curves.
Mould O (low Si content) presented remarkable ductility recovery behaviour, quickly
reaching an area reduction value of 64% after testing at 1100 ◦C. Note that the thermal
sequence of on-cooling hot ductility tests involved fast heating to peak temperature of
1195 ◦C and cooling down to the corresponding test temperature. Peak temperature was
selected after defining NST in mould E samples that reached 1263.5 ◦C ± 5.8 ◦C. It was
decided to limit peak temperature in on-cooling test to 1195 ◦C in order to ensure repeatable
and stable ductility recovery behaviour.

After reaching ductility values or original parent material, mould O showed a ductility
drop at lower testing temperatures down to 27% at 950 ◦C. This drop was not so remarkable
either in mould E (from 69% to 46%) or high Si P (from 46% to 40%). Thus, it is quite clear
that the ductility recovery rate is strongly related to the Si content of the alloys.

Moulds N and NP with slower cooling rates in the casting process depicted a com-
pletely different ductility recovery performance during on-cooling tests. In these two heats,
restored ductility values did not surpass 14% and 24%, respectively, and the slope of the
curves was drastically reduced. Calculated DRT and brittle temperature range (BTR) values
are included in Table 6. BTR is the difference between peak temperature employed in
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on-cooling tests and determined DRT, at which 5% of area reduction is recovered. BTR is a
parameter widely used to conclude on the hot cracking susceptibility of superalloys [2,9,26].

Table 6. Weldability parameters obtained from hot ductility tests.

Mould Peak Temperature (◦C) DRT (◦C) BTR (◦C) Max. Ductility after Cooling Ductility Recovery Rate

O 1195 1150 45 64% at 1100 ◦C Very fast
E 1195 1145 50 69% at 1050 ◦C Fast
P 1195 1090 105 46% at 1000 ◦C Intermediate
N 1195 1110 85 14% at 1000 ◦C Very low

NP 1195 1110 85 24% at 1050 ◦C Very low

3.5. Bead-on-Plate Weldability Test Results

Figure 8 shows an image of the bead-on-plate tests performed on casting plates from
five heats. Both straight and circular weld paths were applied. Circular welds were 15 mm
in diameter and the goal was to modify the self-constraint condition. As described above,
bead-on-plate tests were carried out both in 9 mm and less than 3 mm thickness plates, after
surface grinding and EDM cutting, respectively, employing similar welding parameters
as in LBW Varestraint tests. In the case of thinner samples, laser power was decreased to
2050 W to avoid excessive root overhang.

   
Figure 8. Bead-on-plate trials and X-ray digital images showing cuts for cross-section metallo-
graphic examination.

Every examined weld was free of cracks in less than 3 mm thickness samples, showing
a “bowl-like” welding shape (Figure 9), that is, a shape without characteristic nail head of
keyhole mode LBW. However, several cracks were detected in the HAZ in 9 mm thickness
samples (Figure 10) welded with similar process parameters (2300 W), following both
straight and circular welding paths. Note that in this case, welding resembled “nail or
mushroom shape” usually observed in keyhole mode LBW.

Total number of cracks and TCL determined in each cross section were included in
Figure 11. For circular welds, average values determined from cross sections A and B were
represented. It is clearly shown that straight welds gave rise to longer and higher number
of cracks with minor influence of alloy composition.
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Ref. Circular welding path section A Circular welding path section B 

P 

  

NP 

  

Figure 9. Cross-section of bead-on-plate tests of moulds P and NP with less than 3 mm thickness.
Laser power 2050 W.

Ref. Straight welding path Circular welding path section A Circular welding path section B 

O 

   

P 

   

NP 

   

Figure 10. Cross-section of bead-on-plate tests of moulds O, P, and NP with 9 mm thickness. Laser power 2330 W.
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Figure 11. Number of cracks (blue bars) and TCL (red line) in bead-on-plate cross-sections of moulds
O, P, and NP with 9 mm thickness. Laser power 2330 W.

3.6. Microstructural Characterisation of Bead-on-Plate Welding Samples

The composition of Laves phases in FZ and HAZ/BM (base metal) was analysed by
EDX in both 9 and less than 3 mm thickness plates; corresponding values are included
in Table 7. It can be observed that Laves phases in FZ had much lower Si, Nb, and Mo
contents with respect to the HAZ and BM, and, on the contrary, they were enriched in
Ti, Cr, Fe, and Ni elements. The Si content of Laves phase in FZ increased with the Si
weight percentage of the alloy, with 0.22% being the lowest in mould O heat. In FZ the area
percentage of Laves phases increased with increasing Si content of the alloy. Surprisingly,
the area percentage of Laves phases of 3 mm plates of both moulds (P and NP) were lower
than in the 9 mm thickness plates. The 9 mm thickness plates evacuated heat more quickly
by thermal conduction, and therefore comparatively higher solidification rates and less
Laves phases were expected.

Table 7. Area percentage and mean chemical composition of Laves phase (in wt %) and standard deviation in FZ and
HAZ/BM of bead-on-plate welding samples.

Mould Location Area % Laves Al Si Ti Cr Fe Ni Nb Mo

9 mm

O
FZ 1.78 0.41 0.22 1.51 14.02 14.80 43.52 20.53 4.99

HAZ/BM - - - - - - - - -

P
FZ 4.13 0.40 0.65 1.68 13.44 14.19 44.12 20.51 5.02

HAZ/BM 0.20 - 1.98 0.53 11.16 12.55 30.70 30.33 12.74

NP
FZ 2.41 0.56 0.47 1.57 13.53 13.42 43.65 22.11 4.68

HAZ/BM 0.32 - 1.55 0.57 11.64 12.24 31.20 29.14 13.66

Less than 3.0 mm plate

P
FZ 2.63 0.51 0.33 1.36 14.34 15.17 43.29 20.17 4.82

HAZ/BM 0.20 0.14 2.01 0.5 10.96 12.43 30. 92 30.42 12.58

NP
FZ 1.50 0.48 0.49 1.46 13.61 13.88 43.07 22.07 4.94

HAZ/BM 0.30 0.40 1.43 0.81 11.94 12.03 35.76 26.73 11.17

Laves phase was not detected in HAZ and BM of the low Si O alloy. In the high Si
alloy (mould P) and the standard Si alloy with low solidification rate and pre-HIP (NP),
small quantities of Laves phases in HAZ/BM were still observed, which were higher in the
latter. This indicates that the time and temperature of additional heat treatment before HIP
were not enough to completely dissolve these phases.

As described above, cracks in HAZ were only observed in the 9 mm thickness plates
along the grain boundaries. Higher magnification SEM images are displayed in Figure 12.
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This micrograph corresponded to mould P (high Si) and it was representative of the rest of
the observed cracks in 9 mm thickness samples. These cracks were partially filled with a
continuous Laves phase film, which was observed either at the tip of the crack or at the
edges of the open crack. The chemical composition of this Laves film matched exactly with
the Laves phase composition in FZ (Table 8).

  

(a) (b) 

Figure 12. (a) Grain boundary cracking in HAZ and (b) higher magnification of squared zone. Mould P.

Table 8. Composition of Laves phases (in wt %) at different locations in 9 mm thickness sample of
Mould P.

Laves Phase Al Si Ti Cr Fe Ni Nb Mo

Crack-HAZ 0.83 0.73 1.45 12.93 12.94 42.36 23.68 5.08
FZ 0.40 0.65 1.68 13.44 14.19 44.12 20.51 5.02

HAZ - 1.98 0.53 11.16 12.55 30.70 30.33 12.74

Besides cracks, there was also evidence of Laves phase liquation observed in the HAZ
of moulds P and NP for both less than 3 mm and 9 mm thickness plates. These phases were
located in the interdendritic region, also showing the presence of carbides and δ phase
(Figure 13).

  

(a) (b) 

Figure 13. Cont.
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(c) 

Figure 13. (a) Phases in the interdendritic region. (b) Magnification of the squared zone showing the presence of δ phase,
carbides, and Laves phases in base metal (BM) in the interdendritic segregation area. (c) Segregation area with evidence of
Laves and δ phase liquation in HAZ (NP- less than 3 mm plate).

4. Discussion

4.1. Influence of Chemical Composition, Investment Casting Conditions, and Heat Treatment on
Microstructure and Weldability

Moulds E and O with higher casting solidification rates (1.65 ◦C/s) and standard and
low Si contents, respectively, did not present any Laves phases in solution annealing state
after complete HIP + solubilisation annealing heat treatment. Area percentage of Laves
phase observed in moulds N, NP, and P in the solution-annealed condition ranged from
0.14 to 0.35%, without significant differences between moulds N and NP and being the
residual content of Laves phase higher in mould P, that is, the heat with higher Si content
and faster solidification rate. Note that this mould also had the highest amount of Laves
phase in the as-cast condition (Table 2).

In moulds P, N, and NP containing residual Laves phase in the solution annealing
state, the onset of ductility drop in on-heating hot ductility tests was triggered at lower
temperatures, and corresponding fitting curves were shifted to the left side of the chart.
This was observed in curves displayed in Figures 7a and 14, with the latter superposing
the on-heating curves of the five studied heats. Note that dashed fitting lines corresponded
to those three moulds. Therefore, this early ductility drop was associated with incipient
melting of Laves phase. It is worth mentioning that melting of Laves phase is a fast event
which does not require any significant reaction time to form the liquid as in constitutional
liquation of NbC [2,6], and, consequently, it readily melts upon heating at very fast rates,
as in current hot ductility tests (111 ◦C/s heating rate).

Figure 14. Comparison of on-heating curves in terms of area reduction percentage and testing
temperature for moulds E, O, P, N, and NP.
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Effective dissolution of Laves phase in alloy 718 castings prior to welding and high
temperature use is pursued in industrial manufacturing processes because this phase
impairs both weldability and mechanical properties [4,5]. This has been particularly shown
in castings with volume fractions of secondary particles (including Laves and NbC) higher
than the residual values reported in this work.

The chemical composition of remaining Laves phase was remarkably modified in
moulds P, N, and NP after HIP and solubilisation treatment. The considerable enrichment
in Mo could be explained by differences in diffusivities of solute elements in the austenite
matrix. The dissolution kinetics of Laves phase in IN718 has been studied by [28]. In this
work, the authors concluded that the back-diffusion of molybdenum in austenite is the
controlling micro-mechanism for dissolution of the undesirable Laves phase. On the basis
of the Johnson–Mehl–Avrami–Kolmogorov (JMAK) analysis at different temperatures, the
authors determined the activation energy of 274.5 kJ/mol for the dissolution of Laves
phase, which was close to the activation energy for diffusion of Mo in Ni (288 kJ/mol).
This was also supported by the diffusion calculations shown in Table 9, which shows lower
diffusivity values for Mo in Ni than for Nb and Ti.

Table 9. Parameters for diffusivity calculation of Nb, Ti, and Mo in Ni and calculated diffusivities.

Element
Q

(kJ/mol)
Do

(m2/s)
D1050 ◦C
(m2/s)

D1100 ◦C
(m2/s)

D1150 ◦C
(m2/s)

Reference

Nb 202 1.0 × 10−6 1.1 ×
10−14

2.1 ×
10−14

4.0 ×
10−14 [29]

Ti 257 86 × 10−6 0.6 ×
10−14

1.4 ×
10−14

3.2 ×
10−14 [30]

Mo 288 300 × 10−6 0.1 ×
10−14

0.8 ×
10−14

0.8 ×
10−14 [31]

It is also interesting to note that the chemical composition of remaining Laves phase
in these three heats was comparable with only minor differences in Si content.

HIP and solubilisation treatment did not modify original grain size and morphology
resulting from investment casting. Consequently, different cooling conditions during
casting yielded different grain sizes and aspect ratios which remained in the base material
employed for the weldability tests. Thus, moulds O, E, and P cooled without ceramic
blanket had highly columnar grains elongated along plate thickness. On the contrary, HIP
and subsequent solution annealing heat treatment was effective in reducing segregation in
interdendritic regions, leading to comparable segregation ratios in the five heats (Table 5).

4.2. Correlation between Weldability Assessment Trials

In LBW Varestraint test, which is an externally loaded weldability test, cracks were
mainly induced on the surface and in FZ since the strain was applied while the melt
pool was solidifying and it was forced to pull away when the material did not have
minimum strength and ductility to accommodate residual deformations. FZ cracking was
highly enhanced in LBW Varestraint test, featuring an elongated V-shape solidification
line due to the LBW parameters and energy density which was required to achieve full
penetration and minimum weld width requested by industrial quality standards [16].
In this study, the section of Varestraint testing samples had to be reduced to 3.2 mm to
deform them by bending due to test bench capability and to adjust them to representative
welding applications.

Minimum differences in HAZ cracking were determined between heats with somehow
better performance of NP and E. However, the relatively high scattering of TCL va-lues
made the comparison between alloys difficult.

Clear differences between alloys were observed in on-cooling hot ductility Gleeble
tests. In these tests, only incipient melting of low melting point phases took place. This
melting was enough to wet grain boundaries, leading to a brittle fracture without any
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area reduction at the test temperatures close to NDT. By reducing on-cooling testing
temperature, we were able to study ductility recovery behaviour. On-cooling hot ductility
results showed that moulds O and E (without Laves phase in BM at the beginning of the
welding test) had shorter BTR and fast ductility recovery rates reaching the previous values
before later ductility drop (Table 6). In both moulds, the ductility was effectively recovered
at temperatures above 1050 ◦C (Figure 7). Moulds N and NP presented higher BTR (85◦)
and very low recovery rate and ductility recovery capability. Coarser γ grain sizes in these
samples could be the reason for this behaviour, since large grain sizes promote continuity
of liquid resulting from incipient melting at grain boundaries and reduce extension of
interfacial area between solid-state γ grains [2].

Mould P with higher Si content in its chemical composition had the largest BTR
(105 ◦C) and intermediate recovery rate and capability. Longer BTR can be related to both
the higher amount of residual Laves phase in the microstructure and its greater Si content.
Both factors will contribute to increasing the volume fraction of intergranular liquid formed
at the peak temperature reached in on-cooling test. Consequently, the temperature must be
decreased to a lower point to allow full resolidification of the Si-enriched liquid. It must
be mentioned that the effect of Si content on 718 alloys has been previously investigated,
concluding that HAZ cracking trend is favoured if high Si contents are combined with high
Mn or C contents [2,4].

Hot ductility tests give an insight about the response of material to liquation and
subsequent resolidification. However, only a very limited amount of material is melted
as opposed to real welding applications in which a relatively high amount of material is
melted in the FZ and significant microstructural changes occur in this zone.

Indeed, this was observed in the FZ microstructural characterisation of bead-on-
plate samples. Laves phases were regenerated in FZ, whose chemical composition was
completely different from the original Laves phase in HAZ and BM. FZ Laves phase in
9 mm plates were particularly depleted in Nb, Si, and Mo (Table 7). Surprisingly, the
number of Laves phases in the less than 3 mm plates were much lower than in the 9 mm
plates with faster welding cooling rates.

Whereas 3 mm plates were free of cracks, remarkable microfissures were identified
in HAZ along grain boundaries in 9 mm bead-on-plate samples for the five investigated
heats. As described previously, these cracks were decorated by continuous film, whose
composition matched with Laves phase of FZ (Nb (20.5–22.1 wt %), Mo (4.7–5.0 wt %), and
Ti (1.5–1.7 wt %)). Composition of this Laves phase film is quite independent of chemical
composition, with only minor deviations in Si content. Laves phase with very similar Nb
concentrations in LBW welds were reported by Odabaçi et al. [25].

As can be observed in Figures 12 and 15, corresponding to cross-sections of 9 mm
thickness bead-on-plate samples of moulds P and O, respectively, the Laves film was also
extended through FZ. This is strong evidence of backfilling mechanism. The current results
demonstrate that in 9 mm bead-on-plate samples, the terminal liquid which remains in
the melt pool at the end of the solidification process was diffused along grain boundaries,
giving rise to a continuous Laves phase film that caused HAZ microfissuration.

Looking at the micrographs, we concluded that this diffusion was completed along
base material γ grain boundaries which are perpendicular to fusion line and delimit three-
point intersections. Similar crack morphologies have been reported by Bai et al. [19] in
LBW. The area below the nail head is a particular critical point where these microfissures
pop up. It is worth mentioning that grain morphology was quite columnar, with grain
boundaries elongated along the thickness, particularly in samples cast without ceramic
blanket. Therefore, at the nail head area where the fusion line was quite horizontal, there
was a high probability of having grain boundaries in the parent material intersecting
fusion line, leading to three-point intersection, which is a critical point with high stresses
during melt pool solidification [2]. Moreover, the elongated and straight morphology of
vertical grain boundaries would be favourable for the described diffusion-based backfilling
mechanism. Evidence of comparable backfilling mechanism which promotes HAZ cracking
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has been recently reported in Haynes® 282® casting alloy [32]. In this case, cracking was
exacerbated by diffusion of B. Other authors cited by [2] also concluded that segregation of
B has a detrimental effect of HAZ liquation and FZ solidification cracking. However, this
is not an influencing parameter in this work since ingots with the same lean B content of
0.002 wt % were used as raw material for the five heats.

  
(a) (b) 

Figure 15. (a) Film along crack in HAZ from 9 mm thickness sample mould O cross-section. (b) Enlargement of crack tip.

Straight bead-on-plate welds were more prone to HAZ cracking phenomena since
both total number of cracks observed in cross-sections and TCL of those cracks were
comparatively higher than in circular welds (Figure 11). Bead-on-plate samples from NP
mould showed a consistently lower TCL than equivalent samples from moulds O and P.
Therefore, it can be concluded that the lower aspect ratio of these grains due to slower
solidification rates during initial casting reduced the probability of having deleterious
three-point intersections along the length of fusion line.

No cracks were observed in less than 3 mm thickness samples welded with compara-
ble LBW parameters. In this case, two remarkable differences were observed when looking
at the cross-section of these samples. On one hand, melt pool or FZ had a “bowl shape”
without nail head, typical in keyhole mode LBW, which reduces the risk of perpendicular
intersection with columnar grains of parent material in comparison with “nail or mush-
room” shape observed in 9 mm thickness plates. On the other hand, percentage of Laves
phases in FZ was much lower than in 9 mm plates, as observed from Table 7. Both factors
were critical to avoid formation of HAZ microfissures observed in thicker plates.

The percentage of Nb content of Laves phase observed in FZ of bead-on-plate samples
was close to the eutectic point of the pseudo-binary diagram of alloy 718 (Figure 16a).
This means that the terminal liquid would solidify as L → γ + Laves eutectic. It must be
noted that most Laves phases observed at high magnification had a eutectic microstructure
composed of γ and Laves phase (Figure 16b). This solidification path would be associated
with larger volumes of terminal liquid that solidified at lower temperatures (down to
1180 ◦C) [4], since stepped liquid to solid transformation is hampered. If the amount
of terminal liquid and its coexistence temperature range are increased, then one should
expect a higher grain boundary wetting and infiltration risk in the three-point intersections,
particularly if those grain boundaries are long and straight, as in the case of columnar
microstructures obtained in the investment casting process.
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(a) (b) 

Figure 16. (a) Pseudo-binary phase diagram for alloy 718 [33]1 and (b) eutectic Laves phase in FZ (mould NP). 1 Reproduced
from [33], with permission from J. Andersson, 2021.

In order to analyse the solidification path and steps, we carried out thermodynamic
and diffusion-based simulations with the three heats with different Si contents. Figure 17a
shows the calculated solidification path of mould E determined using Scheil simulation,
which considers back diffusion of elements in the primary phase at high cooling rate of
100 ◦C/s, representative of welding processes. The simulation predicted the formation of
NbC carbides and Laves phase at the final stage of solidification, significantly reducing the
solidus temperature compared to solidification under equilibrium condition. In Figure 17b,
we can see that at the end of solidification, the liquid enriched in Nb, Mo, Ti, and Si,
which allowed the formation of Carbides and Laves phases, lowering the solidus tempe-
rature. Table 10 depicts the solidus and liquidus temperatures of the heats with different
Si contents. It can be observed that the solidus temperature decreased with increasing Si
content and the solidification range increased. As observed experimentally, the percentage
of Laves phase and its Si content increased in the as-cast material through increasing the Si
content of the alloy. However, in LBW, the cooling rate can be extremely fast [25] and this
leads to the limitation of Nb segregation. Therefore, the resulting terminal interdendritic
liquid will have a composition close to the eutectic point, and therefore it will have long
persistence and relatively high volume.

 

(a) (b) 

Figure 17. Thermo-Calc simulation of alloy E (standard Si content): (a) solidification path and (b) microsegregation
prediction using the Scheil model.

432



Metals 2021, 11, 402

Table 10. Solidus and liquidus temperatures determined by equilibrium and Scheil simulation.

Ref. Si in Alloy
(wt %)

Si in Laves
(wt %)

Laves
wt %

Equilibrium Simulation Scheil Simulation

Tsol
(◦C)

Tliq
(◦C)

ΔT
(◦C)

Tsol
(◦C)

Tliq
(◦C)

ΔT
(◦C)

O 0.051 0.03 1.71 1213.6 1339.8 126.2 1110.1 1339.8 229.8
E 0.110 0.13 1.78 1212.0 1335.8 123.8 1103.5 1335.8 232.4
P 0.170 0.43 1.91 1209.2 1338.0 128.8 1084.0 1338.0 254.1

5. Conclusions

In this work, influence of Si content, solidification rate, and pre-weld heat treatment on
as-cast microstructure, weldability, and hot cracking susceptibility of alloy 718 investment
castings were investigated. The following conclusions can be drawn about the impact of
these factors and the selection of the different weldability tests which have been employed:

• Microstructural analysis of as-cast samples showed differences between heats in terms
of amount and chemical composition of Laves phase, grain size, and aspect ratio.
Shape of γ grains mainly depended on cooling rate.

• After HIP and solution annealing heat treatment, residual contents (less than 0.35% in
area) of Laves phase were only observed in the samples with higher Si content and
slower solidification rate, i.e., moulds P, N, and NP. The application of additional pre-
HIP cycle to slowly solidified casting at 1052 ◦C for 2 h was not enough to completely
remove the Laves phase.

• Onset of hot ductility drop in on-heating hot ductility test was directly related to the
presence of residual Laves phase, whereas the hot ductility recovery behaviour was
connected to the Si content and parent material grain size. Coarser grain size was
associated with very slow recovery rate and very limited ductility recovery capability
due to longer liquid continuity after incipient melting. In parallel, higher Si content
reduced DRT and enlarged BTR.

• LBW Varestraint tests gave rise to enhanced fusion zone (FZ) cracking with much
reduced heat-affected zone (HAZ) cracking on the surface. Both TCL FZ and TCL
HAZ were mostly independent of Si content and presence of residual Laves phase.

• In all LBW welds, Laves phase was formed again in the FZ. The chemical composition of
regenerated Laves phase has a composition similar to the eutectic of the pseudo-binary
equilibrium diagram of alloy 718, and this suggests a long persistence of terminal
liquid during the welding solidification. FZ Laves phase had eutectic morpho-logy.

• The composition of the regenerated FZ Laves phase matched with the continuous
Laves phase film observed along HAZ microfissures in LBW bead-on-plate samples
with nail or mushroom shapes which are characteristic in keyhole mode LBW.

• The observed HAZ cracking can be explained by the following hot cracking mech-
anism: backfilling and infiltration of terminal liquid along parent material γ grain
boundaries in three point intersections resulting from perpendicular crossing of colum-
nar grain boundaries with fusion line. This cracking mechanism was enhanced by
both nail or mushroom weld shapes and narrow and columnar grain sizes of castings.

• The described cracking mechanism did not depend on the Si content, the effective
dissolution of Laves phase, or homogenization of segregation gradients with proper
heat treatments before welding, since the formation of detrimental Laves phases
happens in the final solidification of melt pool after welding, which takes place at very
fast cooling rates and limits Nb segregation in comparison with slow cooling condition.

• Neither Varestraint nor hot ductility weldability tests can reproduce this particular
cracking mechanism, which is activated inside the samples and requires remelting of
significant amount of material to form the melt pool.
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