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Preface to “Laser Welding”

Welding technologies are critical to most relevant engineering applications. Laser welding is a
key joining technology characterized by small heat-affected and fusion zones, as well as minimal or
non-existent distortions. As a result, laser welding is often used for joining advanced metallic alloys.

The metallurgical alterations that occur as a result of the welding process determine the
mechanical properties of the welded part. As such, a fundamental understanding of the
process—microstructure—property relationships is necessary. Given the non-equilibrium solidification
conditions found in laser welding, a thorough understanding of the associated welding metallurgy is
even more important. This knowledge can then be used to optimize the joining process, with the aim
of improving the properties of welded joints.

The present Special Issue on “Laser Welding” was a success, with a total of 16 original research
works published after peer review. Different topics were discussed within this Special Issue:
modeling and simulation of laser welding; porosity control by means of high-speed imaging and
microscopy techniques; the effect of processing parameters on the microstructure and mechanical
properties of laser-welded joints for different metallic systems such as AZ31 alloy, steels, Ti-based
alloys, and Al-based alloys; and, finally, dissimilar laser welding of aluminum to steel.

Laser welding is one of the most important and versatile welding techniques for joining
advanced materials. Exciting developments in this field are continuously being presented, pushing
the boundaries for the application of this technique. The need to develop modeling and simulation
tools and understanding the welding metallurgy associated with the process and process control,

among other features, will require continuous efforts by researchers in this field.

Jodo Pedro Oliveira, Zhi Zeng
Special Issue Editors
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1. Introduction and Scope

Welding technologies are critical to most relevant engineering applications. Laser welding is a
key joining technology characterized by small heat affected and fusion zones, as well as minimal or
non-existent distortions. As a result, laser welding is often used for joining advanced metallic alloys.

The metallurgical alterations that occur as a result of the welding process determine
the mechanical properties of the welded part. As such, a fundamental understanding of
process-microstructure-properties relationships is necessary. Given the non-equilibrium solidification
conditions found in laser welding, a thorough understanding of the associated welding metallurgy
is even more important. This knowledge can then be used to optimize the joining process, aiming at
improving the properties of the welded joints.

2. Contributions

The present special issue on “Laser Welding” was a success with a total of 16 original research
works published after peer- review. Different topics were discussed within this special issue: modelling
and simulation of laser welding were presented in [1-4]; porosity control by means of high speed
imaging and microscopy techniques was studied and discussed [5]; the effect of processing parameters
on the microstructure and mechanical properties of laser-welded joints was evaluated for different
metallic systems such as AZ31 alloy [6], steels [7-10], Ti-based alloys [11-13], and Al-based alloys [14];
and finally, dissimilar laser welding of aluminum to steel was presented [15,16].

3. Conclusions and Outlook

Laser welding is one of the most important and versatile welding techniques for joining advanced
materials. Exciting developments in this field are continuously being presented, pushing the
boundaries of the application of the technique. The need to develop modelling and simulation
tools and understanding the welding metallurgy associated with the process and process control,
among other features, will require a continuous effort by researchers in this field.

As guest editors, we would like to express our gratitude to all the authors who submitted their
contributions, making this special issue a success. Furthermore, we gratefully acknowledge and the
peer-reviewers who contributed to improving the quality of the manuscripts. Finally, special thanks to
Natalie Sun and the remaining Metals editorial team for their support and assistant during the call
period of this special issue.
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Abstract: As an important index of weld quality, the weld bead geometry is closely related to the
welding process parameters (WPP). Therefore, it is crucial to establish the relationships between
the WPP and weld bead shape to serve as an indicator of the weld quality. However, it is difficult
to predict the weld bead shape accurately due to uncertainty. In this paper, laser keyhole welding
(LKW) experiments are conducted on 2205 stainless steel at sample points generated by the optimal
Latin hypercube sampling (OLHS). Then the relationships between WPP and weld width (WW)
are constructed using stochastic kriging model (SKM), considering the randomness of the welding
process. To verify the effectiveness of the SKM, two validation approaches, the additional experiments
validation and k-fold cross-validation, are used to compare the prediction performance of SKM and
the traditional kriging model. SKM is superior to the kriging model at the whole five additional
test points with smaller relative error. As to k-fold cross-validation, SKM provides a smaller root
mean square error at four in five groups of the data. In addition, SKM can provide the variations of
the entire weld bead shape. Overall, the SKM is very prominent in predicting the weld bead shape,
considering fluctuations of WPP.

Keywords: LKW; WW; prediction; accuracy; SKM; WPP

1. Introduction

With the obvious advantages of high efficiency, a narrow heat-affected zone, and small distortion,
laser keyhole welding (LKW) has been widely applied in aerospace, aviation, automobile, shipbuilding,
and other fields. As intelligent manufacturing develops, accurate predicting of weld bead is becoming
crucial to accomplishing industrial automation [1,2]. Therefore, it is necessary to establish the
relationships between the laser keyhole welding process parameters (WPP) and weld bead geometry
to predict the weld bead quality [3-5]. However, the relationship between the WPP and the weld
bead is highly nonlinear [6]. The traditional methods of determining process parameters are based on
the experience and manual, but the process is difficult to quantify, and the quality of the parameters
depends largely on the ability of the engineers [7]. An effective way is to describe the relationships
between process parameters and weld bead using the approximate model, which is also called
the surrogate model. Gunaraj et al. [8] applied a response surface methodology (RSM) to devise
a four-factor five-level central composite rotatable design matrix to fabricate pipes of different

Metals 2018, 8, 486; doi:10.3390/ met80704865 3 www.mdpi.com/journal/metals
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specifications in submerged arc welding. Nagesh et al. [9] explored the connection between the shielded
metal-arc welding process parameters and the characteristics of the welding bead and penetration
utilizing artificial neural networks model. Srivastava et al. [10] employed polynomial response surface
(PRS) model to study how the gas metal arc WPP influenced welding quality. Samantaray et al. [11]
selected six process parameters and virtual values of two sensor signals to construct six distinguished
types of radial basis function network models. Zhou et al. [12] put forward an ensemble of surrogate
models to optimize the laser keyhole WPP of stainless steel 316 L.

However, the aforementioned studies assume that the process parameters are stable during the
welding process, which is not consistent with practical engineering application scenarios. In the
real continuous LKW process, certain parameters fluctuations are inevitable, which will lead to the
instability of welding width. Therefore, selecting certain cross sections to represent the entire weld
bead’s characteristics is unreliable. The groundbreaking article of Ankenman et al. [13] expanded
kriging to include stochastic kriging by classifying the uncertainties in stochastic simulations as
extrinsic and intrinsic uncertainty. Chen et al. [14] studied the effect of Common Random Numbers
(CRN) on the performance of stochastic kriging predictions, indicating that the introduction of CRN
was not conducive to prediction, but better gradient parameter estimation was obtained. The current
research on stochastic kriging mainly focuses on theoretical development [15-17], while practical
engineering applications are rare. In this paper, the SKM is used to predict weld width in LKW
by considering the fluctuations of the welding process. Firstly, the experimental sample points are
generated using optimal Latin hypercube sampling (OLHS). The image processing techniques are used
to extract weld bead features from the specimens. Then two validation methods are used to compare
the prediction performance of stochastic kriging and kriging.

The structure of the rest of the paper is as follows. In Section 2, the LKW experimental platform
and the experimental process are described in detail. The general framework of the proposed approach
and the construction process of SKM are introduced in Section 3. In Section 4, data processing and the
evaluation of the predictive performance of the SKM are presented. Section 5 provides the conclusion.

2. Laser Keyhole Welding Procedure

2.1. Problem Definition

According to lots of theoretical research and engineering experience, the weld width largely
depends on process parameters such as laser power, welding speed, laser focal position, gap width
and shielding gas [18,19]. In this work, three main process parameters (i.e., laser power, welding
speed, and focal position) are selected. Low laser power and high welding speed will make the molten
pool too small, resulting in incomplete welding and a poor welding formation. On the other hand,
excessively high laser power and a low welding speed can cause sag geometry, which will increase the
deformation of the weldment and decrease mechanical properties of the weld bead. When the laser
focal position is too large, the power density on the workpiece surface is too low to melt required levels
of material. According to engineering experience and our previous researches [2,20-22], the WPP are
selected as follows:

2.0(kW) < LP < 3.5(kW), 2.5(m/min) < WS < 3.5(m/min), and —2(mm) < FP < 0(mm) (1)

Figure 1 depicts the LKW process. As mentioned earlier, the weld width may fluctuate along the
welding direction because of changes of the process parameters. D; and D, are the different values of
weld width under the same process parameters.
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Laserhead ~ Argon gas
Welding direction ?/ / el o

Weldment

6mm

| 200mm
\

Figure 1. Schematic diagram of laser keyhole welding process.

2.2. Materials

With the characteristics of high strength, good impact toughness and good stress corrosion
resistance, the 2205 stainless steel was selected as the experimental material. Its chemical composition
is shown in Table 1 [23]. The size of the steel sample used in this experiment was 200 x 100 x 6 mm®.
To avoid the influence of the oxide film and oil stain, the sample surface was pretreated with organic
solvent acetone.

Table 1. Chemical composition of 2205 stainless steel.

Chemical Elements C Cr Ni Mo Mn Si P S N
Composition (%) 0.025 22.73 5.53 3.03 1.89 0.34 0.028 0.002 0.170

2.3. Laser Keyhole Welding Process

The experimental setup used for LKW is shown in Figure 2. The laser generation device is IPG
YLR-4000 (IPG Photonics Corp., Boston, MA, USA). The laser with a wavelength of 1.07 um passes
through the optical fiber to the laser head mounted on the ABB IRB4400 robot. The beam parameter
product is 6.3 mm - mrad. To prevent oxidation during the welding process, the weld bead is protected
with argon gas with a flow rate of 30 L/ min. Furthermore, the laser power is set through the operation
panel of the laser generation device, and the welding path, the welding speed, and the focus point can
be controlled by setting the parameters of the welding robot.

Ytterbium Fiber Las 3 :
YLR - 4000 sl . '/./

speomen SRS

Figure 2. Laser keyhole welding equipment.
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3. The Proposed Approach

3.1. General Framework

Figure 3 shows the general framework of the proposed approach. The first step consists of design
of experiment (DOE) and LKW experiments. The second step is to obtain the mean and variance of
weld width and then to construct SKM through these data. The last step is to validate SKM. In this
step, additional welding experiments and cross-validation are adopted to compare the weld width
prediction accuracies between kriging and SKM.

{ Design of experiment

<

{ Laser keyhole welding experiments ]

<

[ Welding experimental data processing

<

(Construcﬁon of stochastic kriging model}

U

{ Validation of stochastic kriging model }

Figure 3. General framework of the proposed approach.

3.2. Theory of Stochastic Kriging

Deterministic computer experiments do not take into account the noise and errors of the simulation
process [24]. Stochastic kriging is an extension of kriging metamodel by considering the uncertainty of
the simulation. For the n-dimensional input point x, response of stochastic kriging on jth simulation
replication is

vy = Y(x) +&(x) = F(x) B+ M(x) + () @

where Y(x) indicates the response of the kriging model without simulated errors at the input point
x. f(x) and B represent the corresponding dimensional vectors. M(x) is a second-order stationary
Gaussian random field with mean zero. ¢;(x) denotes the simulation error at replication j. According to
classic literature on stochastic kriging [13], we call M(x) and ¢;(x) the extrinsic and intrinsic uncertainty,
respectively.

The experimental design of stochastic kriging includes the position of the sample point x;
and the corresponding independent number of replication 7;, which constitutes the data pair
(xi,n;),i = 1,2,..., k. The sample mean at design point x; is

7 = Y () = Y(x) + LY e(x) ®

ij=1 ij=1
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Let k x k matrix X, record the intrinsic uncertainty correlation with (i, 1)th entry

1 ny
(x4, x5) = Cov nlz ! Zsj(xh)) 4)

ij=1 Mo

According to the prev10us assumption about ¢;(x;), X, can be simplified to a k-dimensional
diagonal matrix dlag{(]'], a3, ... ,(Tk} with

7

= Var( Zs] i=1,2,...,k (5)

Assume that extrinsic uncertainties M (x) possess covariance, which is used to express the spatial
correlation between any two points x and x’. The covariance is

Cov(M(x), M(x")) = 7*R(x — x/, 8) = O'ZHR (6}, xj —x7) (6)
=1

where 02 can be explicated as the process variance, and R(x — x/, §) stands for correlation model that
is determined by spatial distance x — x.

Define a k x k matrix X to express the extrinsic spatial correlation between every two design
points, whose (i, j)th element is Cov(M(x;), M(x;)). Similarly, k x 1 vector Zy(xo, -) is created to
connect the point of interest xy with design point x;. Specifically, they are

1 Cov(M(x1), M(xz)) -+ Cov(M(x1), M(xi))
S = o2 COV(M(xZ:)r M(x1)) 1 : Cov(M(xf), M(xy)) )
Cov(M(xx), M(x1))  Cov(M(xg), M(xz)) -~ 1
and
T
Zm(xo, 1) = Vz( Cov(M(xp), M(x1)) Cov(M(xg), M(xp)) --- Cov(M(xp), M(xx)) ) (8)

Stochastic kriging obtains the unbiased predicted value Y(xp) at point xp while minimizing the
mean squared error (MSE) for predicting. The expression of Y(xo) is

Y(x0) = f(x0)"B +Zm(xo, )T [Em +Ze] (7 — FP) )

and the corresponding MSE of ¥ (xp) is

_ _ —1
MSE = 02 — Zpi(x0, ) [Em + Ze] ' Em(xo, ) + 1T (FT[Em 4+ 2 TF) g (10)

where F = (f(x1)%, f(x2)%, ..., f(xe)") " and 57 = f(x0) — F¥[Em + Ze] " Sna(xo, ).

In practice, stochastic parameters (B, 8, o2) need to be estimated based on maximum likelihood
estimation. By substituting the parameters into Equations (9) and (10), the predicted value and MSE
will be obtained.

4. Result and Discussion

4.1. Design of Experiment

There have been many DOE methods that can fill the experimental design space, such as
orthogonal design (UD) [25], center composite design (CCD) [26], and optimal Latin hypercube
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sampling (OLHS) [27]. OLHS is an improved Latin hypercube sampling (LHS) which evaluates the
maximum and minimum distances of points in the search space through a random evolution algorithm
to obtain spatially filled sampling points. In this paper, OLHS was used. According to the description
in Section 2.1, the laser power, welding speed, and focal position were selected and 25 sample points
were generated. The spatial distribution of the generated sample points is shown in Figure 4. The weld
width of the corresponding weldments under different process parameters are shown in Table 2.

WS(mm/s)
[,
[=]

. g
P (mﬂ\\

Iy ] .
Tk % .5

2 2

Figure 4. Spatial distribution diagram of the generated sample points.

Table 2. Weld width under different process parameters.

No. FP (mm) LP (kW) WS (mm/s) Weld Width (mm) Variance (10~9)
1 -2 22 44 1.40 1.09
2 -2 23 51 1.35 2.1
3 -2 3.3 55 1.37 1.33
4 -2 2.8 43 1.46 1.49
5 -2 29 49 1.37 1.50
6 -2 2.7 56 1.29 0.89
7 -1 2.0 50 1.59 1.06
8 -1 2.1 46 1.56 3.54
9 -1 2.1 57 1.56 1.29
10 -1 2.5 53 1.55 6.27
11 -1 2.6 48 1.50 4.82
12 -1 2.6 42 1.63 2.38
13 -1 3.0 58 1.33 3.44
14 -1 3.1 42 1.67 3.20
15 -1 3.1 52 1.52 2.35
16 -1 3.3 47 1.64 2.56
17 -1 34 47 1.55 2.32
18 -1 3.5 56 1.41 2.68
19 0 23 51 1.64 0.98
20 0 2.4 45 1.66 5.16
21 0 2.4 58 1.55 2.29
22 0 2.8 54 1.60 3.08
23 0 29 49 1.57 6.77
24 0 3.2 44 1.75 3.11
25 0 34 53 1.61 3.62
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4.2. Data Processing

4.2.1. Weld Bead Scanning

After obtaining the LKW experimental sample, the next challenge is how to obtain the weld
width. In this work, the entire weld width was chosen to be analyzed rather than a certain cross
section. The weldment surface was scanned using a scanner and then the width information was
extracted from the captured image. The scanner is a product of Shanghai Microtek Trade Co., Ltd.,
Shanghai, China, whose model is MRS-2400A48U. A series of images with a pixel density of 600 dpi
were collected. Table 3 illustrates part of weld bead and the corresponding image processing results of
No. 1 to No. 5 specimens.

Table 3. Weld bead of No. 1 to No. 5 specimens.

No. Weld Appearance Image Processing

4.2.2. Image Processing and Feature Extracting

Welding defects are likely to occur at the beginning and end of welding, and the appearance of
the weld bead will fluctuate considerably. To improve the prediction accuracy of the weld width, only
the stable part of the weld bead was selected for analysis in this work. Perpendicular to the welding
direction, the Matlab program (R2017a, MathWorks Inc., Natick, MA, USA) was applied to extract the
number of pixels (NP) between the highest and lowest white pixels. The scanned image has a pixel
density (PD) of 600 dpi, so the data obtained here can be converted into length in mm according to the
following equation

WW = NP+ PD x UC (11)

where UC represents the unit conversion between inches and millimeters, equal to 25.4. In addition,
WW indicates weld width.

For each weld bead, a set of discretized data of weld width is obtained. The minimum resolution of
the scanned image is a pixel, corresponding to the weld width of 0.0423 mm according to Equation (11).
For example, the scatter plot of discrete weld width of No. 1 weld bead along the length direction is
shown in Figure 5a. Then the probability of weld width is calculated, and the maximum likelihood
estimation method is adopted to obtain the mean and variance. A frequency histogram and fitting
normal distribution density function of the No. 1 weld bead are shown in Figure 5b. The mean and
variance of the normal distribution fitting will be used to construct the SKM.
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Figure 5. Discretized data of weld width.

4.3. Prediction Performance of the Stochastic Kriging Model

The Matlab program was used to construct SKM. The regression model is with
polynomials of order 0. The parameters (i.e.8, 6, ¢?) that need to be estimated correspond to
(1.502, [0.516, 8.124, 0.010]’, 0.015). According to the difference of focal position, the three-dimensional
surface of the SKM is shown in Figure 6.
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Figure 6. The stochastic kriging model for weld width prediction.

To verify the effectiveness of the SKM, the kriging model was also constructed with the same
sample points, and the 3D surface of the kriging model is shown in Figure 7. To ensure a fair
comparison, the estimated parameters of the two models have the same initial value and range.
The range of parameters is 0.01 to 20, and their initial value is 0.1. The parameter estimates (i.e., 8, 6, 02)
of kriging model correspond to (—0.138, 0.800, 0.015).
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Figure 7. The kriging model for weld width prediction.

Two validation methods are introduced to compare the prediction performance of the weld width
between the SKM and kriging model. First, 5 additional test points were generated randomly based
on the same experimental and data processing methods to obtain the corresponding experimental
values. The actual values of weld width at the test points are shown in Table 4. Figure 8 plots the
relative prediction errors of the kriging and the SKMs. Both of the models have the largest prediction
bias at No. 2 point, which are 9.88% and 11.46% respectively. The minimum prediction deviation
appears at No. 3 point, corresponding to 0.47% and 3.60%. Obviously, the prediction accuracies of the
SKM and kriging model have the same trend, and the SKM performs better due to considering the
input uncertainty.

12% T " T r . . y
Stochastic kriging
Kriging

9% [

6%

Relative error

3%

0%

Numbers of addtional test points

Figure 8. Relative prediction errors of the stochastic kriging model and the kriging model.
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Table 4. Weld bead of additional test points.

No. FP (mm) LP (kW) WS (mm/s) Weld Width (mm) Variance (10~°)

1 -2 32 58 1.32 1.22
2 -2 3.3 42 1.69 1.71
3 -1 2.7 53 1.45 4.55
4 -1 3.0 51 1.46 2.39
5 0 2.5 55 1.74 3.29

Furthermore, k-fold cross-validation is applied to further verify the prediction performance of
SKM. k-fold cross-validation can make full use of existing data as both training and verification points,
and its mathematical form is extremely simple [28]. The specific procedure to get the variance of k-fold
cross-validation is as follows:

Step 1: Randomly divide the experimental data set ®, = {(x1,11), (x2,2), ..., (xn,yn)} into
non-repeating and equal-length k groups Gy = {M;, My, ..., M}, where n is the number of sample
points and y; is the response of x;.

Step 2: Remove one group M; from the set Gy, then construct approximate model by using the
remaining set Gy_1 = {My, ..., M;_1, Mj;1, ..., M}

Step 3: Predict the response values at the removal set Mi by using the model constructed at Step 2,
and calculate the root mean square error (RMSE) by

m
RMSE; = | Y (5 —vij)° (12)
j=1

where y;; is the jth true response at group M;, while 7;; represents the corresponding approximate
model prediction. m is the number of data in M;.

Step 4: Repeat Step 2 to Step 3 k times, until the whole data set is considered.

In this work, the 25 sample points were randomly divided into five groups, and each of them
consists five sample points. The order of groups was G, = {(13,23,22,2,3), (24,18,16,6,21),
(20,12,5,10,9), (11,7,1,4,14), (25,8,19,17,15)}, where the number corresponded to the No. in
Table 2. The comparison results between SKM and kriging model are summarized in Figure 9. It is
obvious that stochastic kriging provides better prediction performance. To better illustrate the problem
and avoid contingency, k-fold cross-validation was repeated several times, and the same conclusion
was drawn. All repeated cross-validation shows that SKM has better performance in weld width
prediction. Taking Figure 9 as an example, SKM provides smaller RMSE except for the third group.

o l ' I V) Stochastic kriging
5 0151 \Q N Kriging
§ 012 | § _
go.og— W%§ s W% N 4
; ,,,,,,,,,,,,,, § ,,,,,,, %§ ,,,,,,,,,,,,,, N ]
u e

GroupNo.1  GroupNo.2  GroupNo.3  GroupNo.4  GroupNo.5
Group numbers of k-fold cross-validation

Figure 9. The comparison of RMSE between stochastic kriging model and kriging model.
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5. Conclusions

In this work, the SKM has been used to predict the weld width of LKW. Unlike the general data
acquisition method, this paper effectively obtains the properties of the whole weld by combining the
weld bead scan with the image processing. Based on the estimated mean and variance of the normal
distribution fitting of weld width, the SKM was constructed to fit the relationships between the laser
power, the welding speed, the focal position and the weld width. Additional experiments and k-fold
cross-validation are introduced to compare the prediction performance of weld width between SKM
and kriging model. The comparison results indicate that the SKM is feasible and very prominent for
predictions of the weld bead shape.
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Nomenclature

DOE Design of experiment

FP Focal position
LKW Laser keyhole welding
LP Laser power

OLHS  Optimal Latin hypercube sampling
SKM Stochastic kriging model

WPP Welding process parameters

WS Welding speed

WwW Weld width
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Abstract: A three-dimensional multiphysical transient model was developed to investigate keyhole
formation, weld pool dynamics, and mass transfer in laser welding of dissimilar materials.
The coupling of heat transfer, fluid flow, keyhole free surface evolution, and solute diffusion between
dissimilar metals was simulated. The adaptive heat source model was used to trace the change of
keyhole shape, and the Rayleigh scattering of the laser beam was considered. The keyhole wall was
calculated using the fluid volume equation, primarily considering the recoil pressure induced by
metal evaporation, surface tension, and hydrostatic pressure. Fluid flow, diffusion, and keyhole
formation were considered simultaneously in mass transport processes. Welding experiments of
304L stainless steel and industrial pure titanium TA2 were performed to verify the simulation results.
It is shown that spatters are shaped during the welding process. The thickness of the intermetallic
reaction layer between the two metals and the diffusion of elements in the weld are calculated,
which are important criteria for welding quality. The simulation results correspond well with the
experimental results.

Keywords: laser welding; keyhole; weld pool behavior; mass transfer; dissimilar metal

1. Introduction

Dissimilar metal welding often confronts the problems of brittle intermetallic compounds,
residuals stresses, and crack formations, which lead to lower joint performance. Thethickness of
an intermetallic reaction layer is an important factor affecting the formation of intermetallic compounds,
besides the differences in the physical and chemical properties of the materials. As long as the thickness
of the intermetallic reaction layer is maintained in the proper range, the welded workpiece will have
good mechanical properties. If the thickness is too large, it is possible for new intermetallic compounds
to be formed, which makes the welded joint brittle and hard and reduces plasticity and ductility.
Therefore, precise control of the heat source is highly important in the welding process. Compared
with the traditional welding method, laser welding has several advantages such as precise energy
control, high density due to minimal laser beam diameter, and narrow heat affected zones. The rapid
melting and solidification of metal can reduce the formation of intermetallic compounds in laser
welding of dissimilar materials, which improves the mechanical properties of the welded joint. Laser
welding is an important joining method for dissimilar metals.

The behaviors of keyhole and weld pool have an important influence on welding quality in deep
penetration laser welding, which has been widely confirmed through theoretical and experimental
research. Early studies primarily focused on the analysis of temperature and heat flow fields in
similar metal welding processes. Rai et al. [1,2] proposed a numerical model for keyhole mode laser
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welding to calculate the temperature and velocity fields, weld geometry, and solidification for different
materials. Their results suggested that convection was the primary mechanism for heat transfer;
however, the upper surface of the workpiece was assumed to be flat, and the shape of the keyhole was
not the actual vapor-liquid interface, as this model did not consider the effect of the recoil pressure
induced by metal evaporation. In recent years, research on keyhole formation, molten pool dynamics,
and welding defects such as the formation of porosity and spatter has become a heavily researched
topic. Na et al. [3,4] and Pang et al. [5-7] obtained the shape of a real-time keyhole, the model of which
used a ray tracing method to simulate multiple laser reflections along the keyhole wall. Their study
suggested that the formation of the keyhole was a result of the interaction of the recoil pressure caused
by metal vaporization, the surface tension, and hydrostatic pressure. In addition, the formation of
pores was due to the collapse of the keyhole. Recently, Hua et al. [8,9] performed a simulation study
on the mechanism of spatter formation at full penetration condition. Their results suggested that the
shear force generated by the high-speed plasma movement was the main cause of spatter formation,
which was in full agreement with the experimental results of Chen et al. [10].

Although laser welding processes of the dissimilar metals and same metals are somewhat
similar, laser welding of dissimilar materials has its own individual features, such as the formation of
intermetallic compounds. Hu et al. [11] developed a 3D heat and mass transfer model of steel-nickel
laser welding to analyze the influence of convection on the temperature field and mass transfer,
and their results suggested that strong convection had an important impact on heat and mass transfer.
Moreover, concentration gradients and sufficient time also contributed to homogeneous welds. For the
study of convection in dissimilar laser welding, Yu et al. [12] have obtained the same conclusions
as Hu et al. [11], and they noted that a thickness of intermetallic reaction layer could be decreased
if the heat input was reduced to a reasonable range. Esfahani et al. [13] have conducted a dynamic
analysis of the flow field based on a turbulence model in the weld pool. Their research also confirmed
that the mixing of dissimilar metal materials was the result of convection in the molten pool, and the
increase of convective intensity was caused due to the increase of heat. Tomashchuk et al. [14]
proposed a simulation model for electron beam dissimilar welding via interlayers based on COMSOL
soft, and the influence of the change of welding parameters on the thickness of the diffusion layer
was studied.

In summary, several researchers have conducted further theoretical studies of the coupling
behaviors of keyhole and molten pool in similar metal laser welding [1-10]; according to simulation
methods. However, the numerical analysis of laser welding of dissimilar metal is mainly focused on
the study of temperature and heat flow field [10-16]. Although several researchers have investigated
the influence of the thickness of the intermetallic reaction layer between two metals on the mechanical
properties of the workpiece, studies that have examined the behavior of the keyhole in laser welding
of dissimilar materials were rarely reported. Additionally, numerical simulations regarding the laser
welding of dissimilar materials have yet to be developed to simultaneously consider the coupling of
keyhole formation, heat transfer, and mass transfer. The keyhole formation is an important feature of
laser welding, and its dynamic behavior has an important influence on the welding quality.

In this study, a 3D multiphysics transient model considering both keyhole behavior and mass
transfer is proposed and is verified by welding experiments. The simulation considers major physical
factors such as evaporation, recoil pressure, surface tension, and Rayleigh scattering of the laser beam.
Convection, diffusion and keyhole formation are considered simultaneously in the mass transport
process between the two metals. The spatter formation mechanism, keyhole and molten pool dynamics,
and influence of process parameters on the thickness of the intermetallic reaction layer are analyzed.

2. Experimental Procedure

To validate the result of numerical model, 304L stainless steel and pure titanium TA2 with
dimensions of 60 mm x 40 mm X 0.8 mm were used in laser overlap welding experiments, and the
chemical compositions of the materials are shown in Table 1. In this experiment, 304L stainless steel
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is placed on top, as shown in Figure 1, since titanium can very easily absorb oxygen and hydrogen
in air at high temperature, which makes the weld joint brittle; and crack easily. Moreover, there is
little difference in melting point between pure titanium and stainless steel, which does not affect
the formation of the molten pool. A fiber laser (IPG YLS-2000, IPG Photonics Corporation, Oxford,
MA, USA, maximum power: 2 KW, wavelength: 1.07 um) is used, and continuous laser welding is
performed using a KUKA (KUKA Roboter GmbH, Augsburg, Germany) robot movement. During the
laser welding process, the side shielding gas is argon, and velocity of gas flow is 15 L/min. To analyze
the influence of different parameters on the welding quality, the range of laser power is 500 W-520 W,
and the range of welding speed is 3.2 m/min-3.6 m/min. Laser welding experimental and simulation
parameters are shown in Table 2.

Table 1. Chemical compositions of 304L and TA2 (wt. %).

304L
C Si Mn P S Ni Cr Fe
<0.03 <1.00 <2.00 <0.035 <0.03  8.00~11.0018.00~20.0balance
TA2
Fe C N H O Si Ti
<0.30 <0.10 <0.05 <0.015 <025 <0.015 balance

Table 2. Welding experiment and simulation parameters.

Power (W) Welding Speed (m/min) Beam Defocus (mm) Gas Flux Rate (L/min)

500 32 0 15
500 3.6 0 15
520 3.6 0 15

The 304L stainless steel and TA2 were cleaned with acetone and dried before welding to avoid the
effect of oil and water on the welding joint. Spatter formation and melted pool behavior were observed
using a high-speed camera during the welding process. After welding, metallographic specimens
were made. Optical microscope (OM), scanning electron microscope (SEM), and energy dispersive
spectrometer (EDS) were used to verify the validity of the model.

Laser beam

Velocity of beam v,
N

Figure 1. Schematic diagram of laser overlap welding.

3. Model Description

The calculated zone of the 3D laser welding model is shown in Figure 1, including the plasma
and workpiece zone. Taking into account the physical symmetry in the welding and the calculation
speed of computer, half of the welding zone is selected as the calculation domain. Laser welding is
a complex process of heat and mass transfer, and in order to simplify the calculation, the model is
assumed to be as follows:
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(1)  The effect of side shielding gas on the behavior of keyhole and molten pool is ignored.

(2) The calculated fluid is Newtonian and incompressible and is in local thermal equilibrium;
furthermore, this fluid satisfies the basic equations of fluid motion.

(3) The temperature-dependent thermo-physical parameters are calculated, derived from the JMatPro
software (Release Version 7.0.0, Sente Software Ltd., Guildford, UK).

(4) In the simulation, only iron and titanium components are considered, and other alloy elements
are ignored.

3.1. Laser Heat Source Model

In fiber laser welding, the fundamental mode Gaussian beam is the main output mode, in which
the spot is circular, and the distribution of light intensity theoretically satisfies the Gauss function,

as shown in Equation (1).
30 max 312
(r) = % exp (ﬂ) 1)
eff eff

where gmax is the maximum heat flux density of the laser beam, r is the heat source radius, ff is the
waist radius, and q(r) is the heat flux density at radius r.

In the process of laser transmission, the beam has a certain degree of divergence, and the
power tends to decrease with an increase in weld depth. In addition, the metal vapor plasma in
the keyhole hinders laser energy transmission. At present, the beam quality factor M? proposed by
Siegman et al. [17] is generally used to evaluate the quality of the laser beam, as shown in Equation (2).

rz) =g [1+ () @

where z is the longitudinal coordinate of the waist, zy is the Rayleigh constant, and z is the longitudinal
coordinate of the heat source.

In laser continuous welding, the radius r in Equation (1) can be expressed as

r= \/(vaot)zwtyz 3)

where v is the welding speed, and f is the welding time.

During laser welding, the amount of defocus is set to zero, and the cells in the interface and inside of
the keyhole are heated by the beam, while the value of heat flux density is calculated using Equation (1).
As mentioned above, the shape of the heat source changes with the shape of keyhole. When the depth
of the keyhole increases, the effective radius of the heat source increases. However, the peak energy
decreases. It is worth noting that Equation (1) shows the surface heat flux density, not the volume density.
It is necessary to transform Equation (1) into the body heat flux according to Zhou et al. [18].

3.2. Governing Equation

With the above assumptions, numerical analysis of laser welding of dissimilar metal is carried
out by solving equations such as mass, momentum, energy and species transport, as expressed in
Equations (4)—-(6).

The mass conservation equation is described as

2 o)+ (pV) + Sua =0 o

where p is density, V is velocity vector, and Sy is mass source.
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The momentum conservation equation is described as

Yo

. 1 _
V)+V-VV = fEVP+yV2V+SMT+g )

where p is pressure, g is gravity constant, y is dynamic viscosity, and Syt is momentum source.
The energy conservation equation is described as

oh  —
E+V-Vh:kV2T+SE (6)
where  is enthalpy, k is coefficient of thermal conductivity, T is temperature, and S is energy source.

The mass fraction of each species can be predicted, through the solution of a convection and

diffusion equation for the species, as expressed in Equation (7).

0 _ —
= (0Yi) + V- (pVY) = =V]; @)
ot

where Y; is the mass fraction of species i, and J; is the diffusion flux of species i. In this study, it is

assumed that the molten pool fluid is laminar, implying that J; can be expressed as

- vT
Ji = =pDinVY; ~ Dri~r ®)

where D;,, is the mass diffusion coefficient for species i in the mixture, and Dr; is the thermal diffusion
coefficient. According to the above assumptions, the diffusion between titanium and iron is studied,
and other alloy elements are not considered.

The mass source term Sy 4 in Equation (4) mainly considers the gas-liquid mass transfer due to
the evaporation or solidification of the material. The momentum source Sy7 in Equation (5) mainly
includes the recoil pressure due to the violent evaporation of liquid metal, the momentum loss caused
by the solidification of liquid metal, and the Boussinesq buoyancy due to the change of the density
of the melted metal. The energy source Sg in Equation (6) primarily includes the laser heat source,
and the energy loss caused by the radiation and evaporation of the liquid metal on the keyhole wall.

In deep penetration laser welding, the formation of the keyhole is an important feature different
from laser conductive welding. On the keyhole free surface, the recoil pressure is the driving force of
the keyhole formation. However, surface tension prevents keyhole formation. A general expression
for calculating the recoil pressureis as follows [18]:

P, = ABy/VTwexp(—U/Ty) ©)

where P, is the recoil pressure, A is the adjustment coefficient, which is generally 0.55, By is the
evaporation constant, Ty, is the temperature of the keyhole surface, and U is a constant related to
the material.

It is assumed that the recoil pressure P, always vertically acts on the keyhole wall, which is
decomposed into axial components during calculation, and the components Py along the x-axis is
defined as follows:

| MR S— ) (10)

\/ 13 g+ n2

where ny, ny, and 1, are, respectively, the volume fraction gradient components in each axial direction.
Using the same calculation method, the other two axial recoil pressures P, and P. can also be calculated.
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During the welding process, the recoil pressure and heat source act on the keyhole surface,
meaning that the calculation of the keyhole shape is very important. The keyhole surface is calculated
by solving the volume fraction Equation (11) [19], as shown.
oF -

- +V-VF=0 (11)
ot

where F is the volume fraction of cells.

During keyhole formation, mass transfer due to evaporation and recondensation is studied,
as shown in [20].

Spp = —Myy (12)

So1 = myy (13)

where S, and S,; are the mass source in Equation (4); m, is cell mass, and a negative value
means recondensation.

In simulation, the momentum sink due to solidification is calculated using enthalpy-porosity
technique; the latent heat is described using properly changing the specific heat, and the value of
momentum sink S,,,s; is approximated as follows [21]:

(1-f)*

WAmush -V (14)

Smush =

where f; is the liquid volume fraction of cells, ¢ is a tiny number to prevent the denominator from
being zero, and A,, s, is a porous medium constant.

Mass transport between dissimilar metals is calculated by solving the mass transport Equation (7);
therefore, the mixed phase is composed of iron and titanium in the simulation model. In the mixture,
density p, coefficient of thermal conductivity k, specific heat c;,, and dynamic viscosity y are averaged
and defined as follows:

p=ap+(1—a)o (15)
k = aky + (1—a)k, (16)
&p = acpy + (1 )2 17)
po=ap+(1—a)us (18)

where « is the mass fraction of the species, subscript 1 represents the first species, and subscript 2
represents the second species.

3.3. Boundary Conditions

As mentioned above, the laser heat source acts on the keyhole surface to heat the workpiece.
Meanwhile, energy loss such as gas convection, radiation and evaporation are considered, and the
energy balance equation is expressed as

oT 4 4
kg =q—he(T — Tw) — 0e(T* — T) — WHj, (19)
where 7 is the vector normal to the liquid-gas interface, /. is the convection heat transfer coefficient,
Tw is the ambient temperature, o is the Boltzmann constant, ¢ is the emissivity of radiation, W is the
speed of evaporation, and Hy, is the latent heat of evaporation.

For other boundaries such as the rear, left, right and bottom of the workpiece, only energy loss

due to convection and radiation is considered, and expressed as follows:

kg—: = he(T — Teo) — 0e(T* — T2) (20)

20



Metals 2018, 8, 443

For momentum boundary, the surface tension Ps is defined as
Py = xy 1)
where « is the surface curvature, and v is the temperature-dependent surface tension coefficient.

3.4. Numerical Method

The developed 3D model is solved using a commercial software package named Fluent,
and single-machine parallel computing is used in order to improve the calculating speed.
The computed domain with dimensions of 6 mm x 2.8 mm x 2.4 mm is meshed, and the regular
hexagon grid is adopted to facilitate the conversion of surface data and volume data in the simulation
with a cell size of 0.08 mm. In this model, the mixed phase in species transport model is composed of
iron and titanium. Moreover, the phase in multiphase flow model Volume of Fluid (VOF) is composed
of plasma and the mixed phase established in the previous step.

The governing equation is discretized using a finite volume method; user-defined functions(UDFs)
such as initializing of the calculation domain, source terms, boundary conditions, and material property
definitions are written using C code, and pressure implicit with splitting of operators(PISO) algorithm
is used to solve discrete equations. In the PISO algorithm, the pressure correction equation is solved
twice; therefore, compared with other algorithms, the PISO algorithm has good convergence and
high efficiency.

4. Results and Discussion

To improvewelding quality, the formation of excessive intermetallic compounds must be
suppressed. Meanwhile, the burning loss of alloying elements in the welding process should be
prevented in laser overlap welding. Therefore, precise control of the heat source has a significant
impact on joint performance, and the selection of welding parameters is crucial in dissimilar metal
welding. In the simulation and experiment, the following welding process parameters, as shown in
Table 2, are used to analyze the effects of different parameters on mass transfer between the two metals.

The physical property values used in the calculation are shown in Table 3. Other important
parameters used in the simulation are listed in Table 4.

Table 3. Physical properties of 304L and TA2 [1,22].

Physical Properties 304L TA2
Density (kg/m3) 7000 4110
Specific heat (J/(kg-K)) 712 594
Heat conductivity (W/(m-K)) 29 40
Dynamic viscosity (N-s/m?) 0.007 0.005
Boiling point (K) 3100 3315
Surface tension (N/m) 14 1.65
Surface tension temperature coefficient (N (m-K)) —49x 1074 —2.6 x 1074
Coefficient of thermal expansion (/K) 1.96 x 107> 1.1x 1075
Melting latent (J /kg) 247 x 103 3.89 x 10°
Evaporation latent (J/kg) 6.34 x 10° 8.88 x 10°
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Table 4. Data used in the simulation.

Nomenclature Value
Laser beam radius at focus (mm) 0.2
Planck constant (J-s) 5.67 x 1078
Stefan-Boltzmann constant (W /(m?2-K*)) 1.38 x 10-23
Ambient temperature (K) 300
Density of plasma (kg/ m?) 0.06
Specific heat of plasma (J/(kg-K)) 610
Heat conductivity of plasma (W/(m-K)) 3.72
Convective heat transfer coefficient (W /(m?2-K)) 60
Radiation Emissivity 0.4
Gas constant (J/(kg-mol)) 8.3 x 10°

4.1. Keyhole Formation and Weld Pool Dynamics

Figure 2 shows the calculated temperature distribution, keyhole formation and velocity fields in the
laser welding of dissimilar materials. At the very beginning of laser welding, when the welding time is less
than 3.05 ms, the top surface of 304L stainless steel is heated and metal is melted. When the temperature of
the melted metal is higher than the boiling point of the material, violent vaporization occurs. Meanwhile,
the metal vapor plasma is formed under the action of the laser. As shown in Figure 2, the keyhole is
formed under the action of the recoil pressure due to evaporation, surface tension, and hydrostatic pressure.
The recoil pressure causes the keyhole to deepen downwards, while the surface tension prevents the
keyhole from moving downwards. As shown in Figure 2c,d, the dynamic and energy balance are achieved
on the keyhole wall, and the maximum depth of the keyhole is obtained. These phenomena are consistent
with previous research results in similar metal welding, such as Na et al. [3,4], Pang et al. [5-7], Zhao et
al. [20] and Tan et al. [21]. Moreover, it can also be seen from Figure 2¢,d, as a result of the recoil pressure,
that the keyhole also appears in the lower region. Therefore, the lower metal may be squeezed into
the upper region. Thus, it is possible that elements are mixed, and intermetallic compounds are formed.
However, the mixing of elements and the formation of intermetallic compounds have a significant influence
on welding quality [11]. Therefore, keyhole behavior directly affects joint performance in dissimilar metal
welding. Moreover, laser heat is transmitted through the keyhole wall to melt the welded metal such that
the keyhole shape also affects heat transfer.

spatter
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Figure 2. Longitudinal section views of the calculated temperature and velocity fields in laser welding (laser
power 500 W, welding velocity 3.6 m/min): (a) t = 3.05 ms; (b) t = 7.20 ms; (c) t = 18.20 ms; (d) t = 28.35 ms.
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It can be seen in Figure 2b that spatter is formed in the welding process, which may damage the
laser equipment due to spatter into the light path and may also affect the welding quality. In essence,
laser welding is the process of rapid heating and rapid cooling of the material, so that the weld pool
width is relatively small. Due to the role of recoil pressure, the molten pool near the keyhole wall
has an upward trend, as shown in Figure 2b. According to the previous study by Hua et al. [8,9],
when the stagnation pressure of the melted metal is higher than the surface pressure, spatter may
appear. The shear force and recoil pressure are the driving force of spatter formation, which has been
experimentally confirmed (Figure 3).

Figure 3. High-speed photographs of spatter formation during laser welding.

The velocity vector indicates the flow state of melted metal in the welding pool, which is an important
factor affecting heat and mass transfer. On the surface of 304L stainless steel, the melted metal flows
outwards from the keyhole center due to the Marangoni force, as shown in Figure 4a. Meanwhile,
the melted metal in the front of the keyhole flows along the keyhole to the rear of the weld pool, which is
resolidified to form the weld bead. In the depth direction of the weld bead (z-axis), as shown in Figures 2
and 4b, the molten pool flow is analyzed from three regions, such as the keyhole wall, near the keyhole,
and near the solid phase. The keyhole wall surface is affected by the shear force due to the high-speed
movement of the metal vapor plasma, the recoil pressure, and the surface tension, thereby increasing its
complexity. Similar to surface tension, the shear force is the tangential force at the gas-liquid interface,
the size of which is determined by the velocity of metal vapor plasma inside the keyhole [8,9]. The direction
of the recoil pressure is the normal direction of the gas-liquid interface, the size of which is a function of
the gas-liquid interface temperature, as shown in Equation (9). The melted metal near the keyhole flows
downwards from the top, and the melted metal near the solid phase flows upwards from the welding
pool bottom. The simulation results are consistent with previous theoretical calculations by Na et al. [3,4],
Pang et al. [5-7] and Zhao et al. [20] and agree with experimental results by Katayama et al. [23]. Moreover,
it can be clearly seen from Figures 2 and 5 that the molten pool flow affects the heat transfer and also has
an important influence on the mixing of the elements in the weld zone and the formation of the metal
reaction layer in dissimilar metal welding, which is a key factor affecting joint performance.

2 X(r?ﬁm) 4
(@ (b)

Figure 4. Calculated temperature and velocity fields in laser welding at time t = 28.35 ms (laser power

500 W, welding velocity 3.6 m/min): (a) top view; (b) cross-section view.
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4.2. Mass Transfer

Fluid flow and diffusion are two basic methods of mass transport, which have been considered
by solving Equation (7). Furthermore, keyhole formation is also an important factor affecting melted
metal transport, as shown in Figures 5-7, and it cannot be ignored. In this study, the effects of fluid
flow, diffusion and keyhole formation on the formation of intermetallic reactive layers are considered
simultaneously, and the concentration distribution of elementsis studied in the weld. Using the process
parameters in Table 2, simulation and welding experiments are performed to analyze the effects of flow,
diffusion and keyhole formation on the formation of intermetallic reaction layers and the concentration
distribution of elements. Meanwhile, the change of parameters is also considered, such as laser power
and welding velocity.

Figure 5a,b shows the effects of different welding speeds on mass transport in dissimilar metal
welding with a laser power of 500 W. Compared with Figure 5b, it can be seen from Figure 5a that
the keyhole depth and the thickness of the intermetallic reaction layer increase slightly at x = 3.6 mm,
and the concentration of Ti in the weld beam is also higher. This is due to the increase in laser line
energy caused by a decrease in welding speed. Therefore, the mass transport of dissimilar metals
increases, resulting in an increase in the thickness of the intermetallic reaction layer. As stated by
Hu et al. [11] and Yu et al. [12], if the thickness of the intermetallic reaction layer is excessively
large, intermetallic compounds may be produced to attenuate joint performance [24-28]. In addition,
excessive Ti in the weld beam is also not conducive to welding quality.

The influence mechanism of laser power change on mass transport is similar to that of welding
velocity change, as shown in Figure 5b,c. When the laser power increases, the welding line energy
increases, and therefore the keyhole depth, the thickness of the reaction layer between the metals and
the concentration of Ti in the weld zone will increase slightly, which is the same as the effect of welding
speed decrease on mass transport. The effective variation range of power and welding velocity is very
small, which means that laser welding is an important approach for dissimilar metal welding because
of its precise control of energy.

Weld zone Keyhole

Weld zone

Weld zone Keyhole

3X(mm) 4

()

Figure 5. Longitudinal section views of the calculated concentration profile of Ti for different process
parameters: (a) laser power 500 W, and welding velocity 3.2 m/min; (b) laser power 500 W, and welding
velocity 3.6 m/min; (c) laser power 520 W, and welding velocity 3.6 m/min.
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Figure 6. Cross section views of the calculated concentration profile of Ti at time t = 50.15 ms (laser
power 500 W, and welding velocity 3.6 m/min).

In addition to fluid flow and diffusion, keyhole formation has an important influence on the mass
transport in dissimilar metal welding. In the welding process, the diameter of the laser beam is very
small, and the action time with the metal is extremely short, meaning that the amount of melted metal
is very small. When the recoil pressure acts on the keyhole surface in the lower region, the melted metal
in the lower region will be pressed into the upper region, as shown in regions A and B in Figure 5b,
and regions C and D in Figure 6a. Moreover, with an increase in keyhole depth in the lower region,
the concentration of Ti increases in the upper weld zone, as shown in Figure 5a,c. Furthermore, during
the actual welding process, when the welding conditions change suddenly, or the welding process is
unstable, the melted metal from the lower region in the upper region may be re-solidified, and form
weld defects, which have been confirmed in welding experiments by Yu et al. [11] and Yang et al. [24].

4.3. Validation of Simulation Results

Figure 7 shows SEM image of the welding joint of 304L stainless steel and pure titanium TA2,
with a laser power of 500 W and the welding speed of 3.6 m/min. The concentration distribution of
elements in different positions of welded joints was obtained through EDS to verify the validity of the
calculation results.

c
L]

D
a

Figure 7. Scanning electron microscope (SEM) image of the welding joint of 304L stainless steel
and TA2.

The experimental element distributions measured through EDS are shown in Figures 8-10 and
Table 5. As can be seen from Figures 8 and 9 and Table 5, the titanium (Ti) concentration in the weld
zone is about 11.23 at. % (region C), while increasing rapidly to 40.71 at. % (region D) at the interface
regions between 304L stainless steel and pure titanium TA2, and finally reaches 100 at. % (region E)
in the lower metal region (pure titanium). This is because the melted Ti enters the molten pool zone
through the convection and diffusion occurring in the welding process. As shown in Figures 8 and 9
and Table 5, the Fe concentration in region E is 0 at. %, while the Ti concentration in region C is
11.23 at. %. This indicates that the convection and diffusion of the molten pool has an important
influence on mass transport. Moreover, as can be seen from Figure 5, the simulated Ti concentration in
the weld zone is found to be 11.75 at. %, which is consistent with the experimental results. Furthermore,
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the thickness of the intermetallic reaction layer has an important effect on the properties of the joint in
dissimilar metal welding. As shown in Table 5 and Figure 9, in the interface regions between 304L
stainless steel and pure titanium TA2, the Ti (40.71 at. %), and Fe (37.73 at. %) concentrations are very
large and very close, possibly due to the fact that intermetallic compounds will be generated [11,24,28].
At x = 3.6 mm in Figure 5b, when the Ti concentration is between 50 at. % and 42 at. %, the thickness
of the intermetallic reaction layer is about 30 m, which is consistent with the experimental results.
The difference from the experimental data may arise from the influence of alloy elements such as Cr
and Ni on mass transfer in 304L stainless steel ignored in the simulation. The simulation results have
important theoretical significance.

Electron image TiKat

(a) (b)

FeKal Crikat

(c) (d)

Figure 8. Distribution of elements near the interface (a) Electron image, (b) Ti, (c) Fe, and (d) Cr.

Figure 9. Distribution of elements Ti and Fe along the axis line of weld.
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Figure 10. Energy dispersive spectrometer(EDS) spectra of (a) region A, (b)region B, (c) region C,
and (d) region D.

Table 5. Experimental atomic fraction of Fe and Ti for various location in Figure 7 (at. %).

Element A B C D E
Fe 44.45 45.39 62.50 37.73 0
Ti 33.22 41.82 11.23 40.71 100

When the laser keyhole is formed in the lower region, the melted metal in the lower region is
squeezed into the upper region due to recoil pressure, as shown in regions A and B in Figure 7. It can
be clearly seen from Table 5 and Figure 10 that the concentration values of Ti in regions A and B are
very high, and the concentration of titanium are 33.22 at. % and 41.82 at. %, respectively, which verifies
the accuracy of the calculated results in Figure 6. The keyhole formation has an important effect on
mass transfer in laser welding of dissimilar materials. The calculated results are in good agreement
with the experimental results.

5. Conclusions

A 3D multiphysics transient model of laser welding of dissimilar materials is proposed, and the
dynamic behaviors of the keyhole and molten pool are analyzed. Moreover, mass transport between
dissimilar metals is calculated, which is consistent with the experimental results. The primary points
of this study are as follows.

(1) Recoil pressure is the driving force for keyhole formation. The laser beam heats the workpiece
through the keyhole wall, and the flow of the molten pool has an important effect on
energy transmission.

(2) Fluid flow and diffusion are two important mechanisms of mass transport. As the laser line
energy increases, the thickness of the intermetallic reaction layer and the diffusion of elements
in the weld will increase. Accurate control of laser energy is the key to reduce the formation of
intermetallic compounds.
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(3) In the premise of ensuring connection strength and avoiding the burning of alloying elements,
the depth of the keyhole in the lower region should be controlled accurately, and the melted metal
in the lower region should also be prevented from entering the upper region in large quantities.
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Symbol

Symbols Meaning Symbols Meaning

Gmax Maximum heat flux density of the laser beam  |Py Recoil pressure components along the x-axis
r Radius My Volume fraction gradient along the x-axis
Teff Waist radius F Volume fraction of cells

q(r) Heat flux density at radius r Siv Mass source

M? Beam quality factor Sl Mass source

20 Longitudinal coordinate of the waist miy Cell mass

ZR Rayleigh constant If1 Liquid volume fraction of cells

vy Welding speed [ A tiny number

t Welding time Apush Porous medium constant

0 Density cp Specific heat

v Velocity vector o Mass fraction of the species

Sma Mass source n Vector normal

P Pressure he Convection heat transfer coefficient

g Gravity constant Too Ambient temperature

u Dynamic viscosity o Boltzmann constant

SmT Momentum source 3 Emissivity of radiation

h Enthalpy w Speed of evaporation

k Coefficient of thermal conductivity \Hpy Latent heat of evaporation

T Temperature Ps Surface tension

SE Energy source K Surface curvature

Y; Mass fraction of species i Y Temperature-dependent surface tension coefficient
Ji Diffusion flux of species i A Adjustment coefficient

Diy Mass diffusion coefficient for species i Bo Evaporation constant

Dri Thermal diffusion coefficient Tw Temperature of the keyhole surface

P, Recoil pressure u Constant related to the material
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Abstract: There are two kinds of typical cross-section profiles for the fusion zone (FZ) of a laser
welded thin section joint, i.e., a V-shaped cross-section and an H-shaped cross-section. Previous
researches indicated that tensile strength of the V-shaped joint was lower than that of the H-shaped
one due to the greater heterogeneity of strain distribution on the V-shaped joint during tensile process.
In this work, impacts of the aspect ratio of FZ on the mechanical properties of laser welded thin section
joints with an H-shaped cross-section profile were investigated. Welding conditions corresponding
to two typical H-shaped joints (i.e., Wharrower With a narrower FZ, and W,,;qe; With a wider FZ)
were decided through a laser welding orthogonal experimental plan. Then, the microstructure and
properties of both joints were examined and compared. The results show that the tensile strength
of joint Wharrower and joint Wy,ige, was about 72% and 80.9% that of the base metal, respectively.
Both joints fractured in the FZ during tensile processes. The low-cycle fatigue life of the base metal,
the joint Wharrower and the joint Wyqer were 3377.5 cycles, 2825 cycles and 3155.3 cycles, respectively.
By using high-speed imaging, it was found that the fatigue crack of joint Wharrower initiated and
propagated inside the fusion zone, while the fatigue crack of the joint Wy;4e, initiated at the edge of
the base metal and propagated for a distance within the base metal before entering into the fusion
zone. This work promoted our understanding about the influence of the weld bead shape on the
properties of laser welded thin section joints.

Keywords: magnesium alloy thin sheet; fiber laser welding; microstructure; mechanical properties;
H-shaped fusion zone

1. Introduction

Impacts of cross-section profiles of fusion zone (FZ) on the service performance of laser-welded
joints have been studied by many researchers. Benyounis et al. [1] developed linear and quadratic
polynomial equations which described the correlation between weld bead geometry and welding
parameters including laser power, welding speed and defocusing amount. Hann et al. [2] presented a
simple physical model to predict melt depth and width by using the concept of mean surface enthalpy
which was derived from both material parameters and laser parameters. Li [3] investigated the effect
of parameters on weld bead geometry in high-power laser welding of thick plate. The results showed
that the width and depth of the weld seam decreased with the increasing of the welding speed. As a
result, the geometry of the weld cross-section changed from a big-head shape to a needle-like shape.
Kim et al. [4] proposed a simple scaling law that could predict the penetration depth by considering
heat flow characteristics and multiple reflections. Volpp et al. [5] presented an analytical model to
calculate the keyhole geometry using a ray-tracing method. Ayoola et al. [6] found that the weld bead
geometry can be regulated by changing the spatial and temporal distribution of laser energy, such as
power density, interaction time, and energy density. Tchoffo Ngoula [7] studied the influence of weld
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toe geometry on the fatigue life of cruciform welded joints. The result showed that the flank angle has a
significant influence on the calculated fatigue life: the fatigue life decreases with increasing flank angle.
Matsuoka [8] found that the weld geometry could affect the thermal deformation of thin stainless steel
sheet in laser micro-welding and the smallest deformation could be achieved by forming a proper
weld geometry. Furthermore, Okamoto [9] ensured that the smallest deformation was achieved around
the maximum aspect ratio of the weld bead regardless of specimen thickness and spot diameter.
Liu et al. [10] investigated the correlations between the microstructure and typical weld shapes of
SUS201 including [peanut-shaped welds (PWs), nail-shaped welds (NWs), and wedge-shaped welds
(WWs). The result showed that the three weld morphologies presented different microstructures and
distributions of alloying elements.

Fiber laser welding has many advantages, such as high energy density, low heat input, small
welding deformation, and flexibility [11-16]. Compared with Nd:YAG lasers, a fiber laser beam
has a higher power density and larger Rayleigh length. Therefore, fiber lasers are more suitable for
welding thin-walled metals [12,14,16-20]. Casalino et al. [18] studied the laser offset welding of AZ31B
magnesium alloy to 316 stainless steel. The result showed that a thin intermetallic compounds was
formed in the FZ and the ultimate tensile strength exceeded the value of 100 MPa. Campanelli et al. [20]
used fiber laser welding to produce Ti6Al4V butt joints with a thickness of 2 mm and found that the
increase of the welding speed led to restricted HAZ and FZ and a conic-shaped bead. In this work,
fiber laser welding was used to conduct the experiment. In recent years, laser-arc hybrid welding also
attracted researchers’ interest [12,17,21]. Zhang et al. [12] compared the microstructure and properties
of MIG welding joint and laser-MIG hybrid welding joints. In laser full-penetration welding of thin
workpieces, there are two kinds of typical cross-section profiles of the fusion zone (FZ): V-shaped and
H-shaped [22]. Previous studies revealed that the weld joint with a V-shaped FZ showed a lower tensile
strength than that of a joint with an H-shaped FZ due to that the heterogeneity of strain distribution
on the former was greater than that on the latter [23]. However, investigation on effects of aspect ratio
of FZ on the mechanical properties of laser welded thin section joints with H-shaped cross-section was
rather limited.

Magnesium alloys have been widely used in aviation, aerospace, transportation, electronics,
and other industrial sectors, since magnesium alloys have high specific strength, high elastic modulus,
and good vibration resistance, and also possess good electrical conductivity, thermal conductivity,
electromagnetic shielding performance, and good recyclability. In this paper, the influences of the
aspect ratio of FZ on the mechanical properties of laser-welded 1-mm thick AZ31 magnesium alloy
joints with H-shaped FZ were investigated. The results of this study have certain guiding significance
on optimizing the service performance of laser welded thin-wall AZ31 structures.

2. Materials and Methods

2.1. Materials and Welding Test

This research used 1-mm AZ31 magnesium alloy sheet and the base metal (BM) is composed of
equiaxed grains, as shown in Figure 1. Its chemical composition has been shown in Table 1. Before the
welding, the plates had been burnished by sandpaper and cleaned with acetone to remove the oxide
film and oil on the surface. The welding equipment was an IPG YLS-4000 laser device produced by
IPG Photonics Corporation (Oxford, MA, USA) and high-purity argon was used as the shielding gas
in the LBW process. The welding direction was perpendicular to the rolling direction of the base metal.
The rolling direction of the plate was determined according to the surface morphology of the plate.
A set of orthogonal experiments were conducted from which two weld joints with quite different
weld widths were chosen to compare the microstructure and properties. The parameters are shown
in Table 2.
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Figure 1. Microstructure of BM (base metal).

Table 1. Chemical composition of AZ31 magnesium alloy (wt %).

Al Zn Mn Si Fe Cu Ca Be Mg
3.19%  0.81% 0.34% 0.02%  0.005%  0.05% 0.04% 0.1%  Balance

Table 2. L25 (5°) orthogonal test table.

Welded Joint Number Welding Power/W Welding Speed/m/min  Defocusing Amount/mm

1 500 2 -2
2 500 3.5 0
3 500 5 2
4 500 6.5 4
5 500 8 6
6 1000 2 0
7 1000 35 2
8 1000 5 4
9 1000 6.5 6
10 1000 8 -2
11 1500 2 2
12 1500 35 4
13 1500 5 6
14 1500 6.5 -2
15 1500 8 0
16 2000 2 4
17 2000 35 6
18 2000 5 -2
19 2000 6.5 0
20 2000 8 2
21 2500 2 6
22 2500 35 -2
23 2500 5 0
24 2500 6.5 2
25 2500 8 4
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2.2. Microstructure Examination and Microhardness Test

The metallographic samples were polished and then etched with a kind of corrosive (4.2 g
picric acid, 10 mL acetic acid, 10 mL diluted water and 70 mL ethanol) to reveal the microstructure.
The microstructure of the weld joints was observed under a Nikon MA200 metallographic microscope
(Nikon, Tokyo, Japan). The microhardness of the weld joints was measured using a Vickers hardness
tester with the load of 0.49 N and a dwell time of 15 s.

2.3. Mechanical Property Test

The dimensions of tensile test specimen and fatigue test specimen are shown in Figure 2.
The tensile test was carried out using a CSS-88100 universal testing machine (SINOMACH, Beijing,
China) with a stretching rate 1 mm/min. The sinusoidal tensile-tensile load was employed in the
fatigue test with the aid of an INSTRON fatigue testing machine. The maximum transient load was
1.44 KN and the minimum transient load was 0.144 KN. The stress ratio was R = 0jin/ 0max = 0.1 and
the frequency was 15 HZ. The evolution of the fatigue crack were recorded by using a high speed
camera and the shooting rate was 24 fps, as shown in Figure 2. The tensile fracture morphology and
fatigue fracture morphology were observed with SEM (JEOL, Tokyo, Japan). Before the fatigue test,
the specimens were polished smooth with a metallographic procedure.
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— ? \\ge =
] 10013 & \s ! Mg || o
313355333 bb 3333333333533y py s es53 Weld seam . ¥
v E = 4
- \ R20 - b .
L - it
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J niversal testing machine
— o High speed camera
18 | 18
(a) Tensile test (b) Fatigue test (c) Fatigue test setup

Figure 2. Details of the mechanical properties tests: (a) dimension of the tensile test specimens,
(b) dimension of the fatigue test specimens, and (c) fatigue test setup.

3. Results and Discussion

3.1. Effect of Parameters on Weld Shape

Figure 3 shows the upper surface morphology of the welded joints achieved through the
orthogonal experiments. Figure 4 shows the cross-sections of the welded joints. In order to investigate
the influence of different aspect ratio on the property of welded joints of magnesium alloy, two welded
joints with different aspect ratios and good shape quality were chosen. The welded joint 15 (Figure 30)
and welded joint 18 (Figure 3r) had a relatively good forming quality. Additionally, they presented
different aspect ratios as showed in the Figure 4o,r. Thus, these two joints were chosen as the research
objects. Joint 15, with a narrower fusion zone, was recorded as Wharrower and joint 18 was recorded
as Wyider-

3.2. Microstructure

Figure 5 shows the cross-section of welded joints Wharrower and Wyige;. The average weld width
of joint Wharrower is about 0.52 mm. However, the average weld width of Wy4e, is about 0.92 mm,
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1.77 times of that of joint Wharrower. The aspect ratios of the two joints are 1.92 and 1.09, respectively.
The difference was mainly caused by the different defocusing amount during welding process.

Figure 6¢,f present the fusion boundary of joint Wharrower and Wyiger, respectively. On the base
metal side are the equiaxed grains and they did not show any obvious growth compared with the
microstructure of the BM (Figure 1). Some equiaxed grains next to the fusion boundary precipitated
some fine intermetallic phases. On the fusion zone side is the transition zone. This zone is composed
of columnar grains as shown in Figure 6d,g. This is mainly because of the large temperature gradient
around the fusion boundary which resulted from the high energy density of laser and good thermal
conductivity of magnesium alloys. The center of the fusion zone is composed of equiaxed grains as
shown in Figure 6e,h. The temperature gradient of the center of fusion zone was relatively smooth
causing the formation of equiaxed crystals. During the welding process, many particles precipitated
inside the fusion zone which are composed of Mg, Al, and Zn [24]. It is mainly because that in the
solidification process, the alloying elements dissolved in the base metal diffused and gathered together
which caused the formation of precipitations. Due to a larger defocusing amount, both the columnar
grain zone and equiaxed grain zone of the joint Wy;4e; are wider than that of joint Wharrower. The size
of grains of the two welded joints are similar. Compared with the base metal, the equiaxed grains in
the fusion zone are obviously larger.
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Figure 3. The upper surface morphologies and corresponding welding parameters of the welded joints
achieved through the orthogonal experiments: (a-y) the upper surface morphologies and welding

parameters of welded joints 1-25 in Table 2, respectively.
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Figure 4. The cross-section morphologies and corresponding welding parameters of the welded joints
achieved through the orthogonal experiments: (a—y) the cross-section morphologies and welding
parameters of welded joints 1-25 in Table 2, respectively.

Figure 5. The width of the fusion zone of welded joints: (a) Wharrower (P = 1500 W, V = 8 m/min,
f=0mm) and (b) Wyiger (P =2000 W, V =5m/min, f =2 mm).
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Figure 6. The microstructure of welded joints: (a, b) overall view of joint Wharrower and Wyyiders
and (c-h) high-resolution images of positions C-H in panel (a, b).

3.3. Microhardness

Figure 7 shows the microhardness distribution profile along the center line in the direction of the
plate thickness. It can be seen from Figure 7a that the microhardness around the FZ is similar to the
microhardness far away from the FZ. The hardness of this material can be affected by both the grain size
and the precipitated phases. Although the grain size of the fusion zones is larger than the base metal,
many precipitated particles occurred in the FZ. According to the Orowan hardening mechanism [25],
the hardness can benefits from the small particles of intermetallic compounds. In addition, there is no
obvious difference between the microhardness distribution of the two welded joints, which can be
attributed to the similar microstructure of the FZs.
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Figure 7. The microhardness (HV) distribution profile along the center line in the direction of the
plate thickness: (a) overview of the microhardness distribution profile, and (b) the microhardness
distribution around the FZ.

3.4. Tensile Test

Figure 8 shows the tensile test results of the base metal and the two joints. The tensile strengths of
Wharrower and Wy iger are very close to that of base metal, which is about 97.1% and 97.8% that of the
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base metal, respectively. The high tensile strength of the welded joint can attribute to the precipitated
phases. It can be seen from Figure 6 that most precipitated phases occurred in the grain and distributed
uniformly. These phases can compensate the decrease of mechanical properties caused by the coarse
grain size in the FZ by hinting dislocation movement. The elongation rate of the welded joint Wy;qer
is about 80.9% that of the base metal, slightly larger than that of the welded joint Wharrower, which is
up to 72% that of base metal. This might because that the joint Wy4e, has a larger weld width and can
endure a greater deformation [26]. Both joints fractured in the FZ during tensile processes.
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Figure 8. Tensile test results of joint Wharrower, joint Wyider, and BM.

Figure 9 shows the tensile fractures of base metal and two joints. The fracture of the base metal
is composed of many small and dense dimples. However, the fracture of joint Wharrower shows a
cleavage fracture pattern. The fracture of joint Wy,;qer shows characteristics of both of these two
fracture patterns.
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Figure 9. SEM (scanning electron microscope) images of the tensile fractures: (a—c) the overall view of
BM, joint Wharrower, and joint Wy 4, respectively; (d—f) the high resolution images of region D-F in
panel (a—c).

3.5. Fatigue Test

Figure 10 shows the crack evolution in the low-cycle fatigue test of base metal. The white dashed
line shows the fatigue crack path. The crack of the base metal specimen initiated at the notch of
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the edge (Figure 10a) because of a great stress concentration. Subsequently, the crack propagated
perpendicular to the loading direction. After a period of about 162.8 s, the crack propagated 13% the
neck width of the specimen (Figure 10b) and from this time, the propagation rate became significantly
larger. After 3.2 s, the crack propagated to 33% the whole crack path (Figure 10c). In the last 0.21s,

the crack propagated rapidly and the specimen broke completely (Figure 10d). The fatigue life of the
base metal specimen was 3377.5 cycles.
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Figure 10. Crack evolution in the low-cycle fatigue test of base metal: (a-d) the status of the crack
propagation at different times.

Figure 11 shows the crack evolution in the low-cycle fatigue test of the welded joint Wharrower
The fatigue crack initiated at the edge of the specimen (Figure 11a). It took 90 s to propagate through
14% of the whole path (Figure 11b) and during subsequent 0.83 s, the crack propagated rapidly and
the specimen broke suddenly (Figure 11c). Compared with the base metal specimen, the fatigue crack
propagation rate of joint Wharrower Was relatively larger and steadily increasing without mutation.
It took less time for the fatigue crack propagation stage of joint Wnarrower. Figure 12 shows the fracture
path of the welded joint Wharrower after the low-cycle fatigue test. It can be seen from the picture that

the fatigue crack initiated and propagated inside the fusion zone. The fatigue life of joint Wharrower
was 2825 cycles, which reached 83.6% that of the base metal.
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Figure 11. Crack evolution in the low-cycle fatigue test of the welded joint Wharrower: (a—c) the status
of the crack propagation at different times.
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Figure 12. The fracture path on the welded joint Wnarrower after low-cycle fatigue testing.

Figure 13 shows the crack evolution in the low-cycle fatigue test of joint Wy;ge,. Different from
the fatigue failure behavior of joint Wharrower, the crack of joint Wy;qe, initiated at the edge of the
base metal about 1 mm away from the fusion boundary (Figure 13a). This can be attributed to the
better tensile ductility showed from the tensile test. The crack propagated slowly perpendicular to
the loading direction for 98 s (Figure 13b), and then the propagation rate became larger. During the
subsequent 0.67 s, the crack changed direction and propagated toward the fusion zone (Figure 13c).
Then, it propagated perpendicular to the loading direction inside the FZ as the white dotted line shows
in Figure 13c and finally caused the fracture of this specimen (Figure 13d). The fatigue life of joint
Wider Was 3155.3 cycles, which was 93.4% that of the base metal, obviously superior to joint Wharrower-
Figure 14 shows the fatigue crack path of joint Wyyige,. It can be seen that the fatigue crack propagated
through the BM first and then through the fusion zone.
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Figure 13. Crack evolution in the low-cycle fatigue test of the welded joint Wy;qe,: (a-d) the status of
the crack propagation at different times.
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Figure 14. The fracture path on the weld joint W4, after low-cycle fatigue testing.
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Figures 15-17 show the evolution of fatigue cracks of BM, joint Wharrower, and joint Wiger-
It can be seen that the initiation and propagation stage of joint Wharrower and Wy;qer was relatively
shorter than that of the BM and the fatigue crack of the joint Wharrower propagated fastest among three
specimens. The final rupture stage was very short compared with the initiation and propagation stage.
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Figure 15. The evolution of fatigue cracks of BM in terms of cycles (N represents where the crack of
BM initiated).
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Figure 16. The evolution of fatigue cracks of joint Wharrower in terms of cycles (Nj represents where
the crack of joint Wharrower initiated).

Figure 18 presents the SEM images of the fatigue fracture. The fatigue crack initiation and stable
propagation zones of the three samples is shown in the Figure 18a—c and marked with E, G, and ],
respectively. The other regions are unstable crack propagation and final rupture zones. Figure 18e,
Figure 18g,j are the SEM images with higher magnification for zones E, G, and J. It shows that the
stable propagation zones of the three samples are characterized by a lamellar structure and the fracture
surface is relatively flat. Additionally, it is revealed in the overall morphologies that the crack initiation
and stable propagation zones of BM are larger than that of joint Wharrower, which indicate that the
stable crack propagation stage of FZ is short than that of the BM. Figure 18d,f are the SEM images
with higher magnification for zones D and F. It is revealed that the unstable crack propagation zone
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and final rupture zone of BM are characterized by small and shallow dimples. However, that of FZ is
characterized by a tearing ridge which is similar to the fracture morphology observed in the tensile
test. This indicates that the FZ has a lower capability of preventing the propagation of the fatigue
crack than the BM. Figure 18h,i are the SEM images with higher magnification for zone H and zone
I. The zone I is on the base metal part of crack path of joint W,,;qer and shows identical morphology
with the BM. Zone H is on the fusion zone part of the crack path of joint Wy;qe; and presents similar
morphology with joint Wharrower-
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Figure 17. The evolution of fatigue cracks of joint Wyqe in terms of cycles (Nj represents where the
crack of joint W;qer initiated).
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Figure 18. The SEM images of fatigue fracture: (a—c) overall view of BM, joint Wharrower and Wyiger;
and (d—j) typical morphologies of region D-J in panel (a—c).

4. Conclusions

In this study, tensile tests and fatigue tests were repeated only two times. We have to recognize
that this is an obvious limitation of the experimental work. We will pay attention to it in future studies.
The major conclusions are as follows:

1.  The fusion zone of the welded joint is composed of two different zones. The transition zone is
composed of columnar grains and are distributed on both sides of the fusion zone. The center
of the fusion zone is composed of equiaxed grains. Many precipitated phases were found on
the fusion zone. The equiaxed grains next to the fusion boundary on the base metal side did not
show obvious growth. The fusion zones of the two welded joints show similar microhardness.

2. The tensile strengths of both two joints exceed 90% that of base metal. The elongation rate of the
joint Wyyiger is about 80.9% that of the base metal slightly larger than that of the joint Wharrower
which is up to 72% that of the base metal. The fracture of the base metal is composed of many
small and dense dimples. However, the fracture of joint Wharrower shows a cleavage fracture
pattern. The fracture of joint Wyyiger shows characteristics of both of these two fracture patterns.

3. The low-cycle fatigue life of the base metal, the joint Wharrower and the joint Wy,4e, are
3377.5 cycles, 2825 cycles and 3155.3 cycles, respectively. The initiation and propagation of
the fatigue crack of joint Wharrower is inside the fusion zone. However, the fatigue crack of the
joint Wyiqer initiated at the edge of the base metal and propagated for a distance on the base
metal before propagating inside the fusion zone.

In summary, the microstructure and microhardness distribution of the joints Wyiger and Wharrower
were similar to each other. The ductility and fatigue life of the joint Wiqe; was slightly larger than
that of the joint Wharrower. The result of this research can provide reference for optimizing the service
performance of laser welded AZ31 thin-walled structures used in the fields of aerospace, automobile,
light railway traffic, etc. Certainly, to achieve high-quality products of thin-walled AZ31 structures,
there are still many topics should be investigated in the future, such as the size effects of the H-shaped
fusion zone of AZ31 joint on its corrosion resistance, flame resistance, high-cycle fatigue properties,
and so on.
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Abstract: The article presents the microstructure and properties of joints welded using the Hybrid
Laser Arc Welding (HLAW) method laser beam-Metal Active Gas (MAG). The joints were made
of 10-mm-thick steel S700MC subjected to the Thermo-Mechanical Control Process (TMCP) and
characterised by a high yield point. In addition, the welding process involved the use of solid wire
GMn4Nil.5CrMo having a diameter of 1.2 mm. Non-destructive tests involving the joints made it
possible to classify the joints as representing quality level B in accordance with the ISO 12932 standard.
Destructive tests of the joints revealed that the joints were characterised by tensile strength similar
to that of the base material. The hybrid welding (laser beam-MAG) of steel S700MC enabled the
obtainment of good plastic properties of welded joints. In each area of the welded joints, the toughness
values satisfied the criteria related to the minimum allowed toughness value. Tests involving the
use of a transmission electron microscope and performed in the weld area revealed the decay of
the precipitation hardening effect (i.e., the lack of precipitates having a size of several nm) and the
presence of coagulated titanium-niobium precipitates having a size of 100 nm, restricting the growth
of recrystallised austenite grains, as well as of spherical stable TiO precipitates (200 nm) responsible
for the nucleation of ferrite inside austenite grains (significantly improving the plastic properties
of joints). The tests demonstrated that it is possible to make welded joints satisfying quality-related
requirements referred to in ISO 15614-14.

Keywords: steel S700MC; hybrid welding; HLAW; laser beam; MAG

1. Introduction

The use of advanced technologies in metallurgical processing as well as a new look at the
significance and the role of alloying elements used in steels have enabled the fabrication of various
groups of steels characterised by vast ranges of mechanical and plastic properties [1]. The development
of new steel grades, particularly high-strength low alloys (HSLA) having ferritic, ferritic-pearlitic,
ferritic-bainitic, bainitic, or tempered martensitic structures, has made it possible to significantly reduce
the weight of structural elements and that of entire structures [2-4]. The reduction of thicknesses
of steels manufactured in thermo-mechanical control processes (TMCP) (dictated by the needs of
the automotive, ship-building, and petroleum industries) without compromising previously obtained
performance characteristics has made it possible to achieve significant savings resulting from lower
material processing and transport-related costs [5-11]. Advanced TMCP steels must satisfy not only
strength-related but also environmental and social criteria [12]. In the case of the arc welding and laser
welding of thermomechanically rolled steels, joints with insufficient impact strength are obtained, but
these deficiencies can be eliminated during the hybrid welding process [13-15]. During welding, the
material’s microstructure, which provides high strength and plastic properties and is achieved by
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thermo-mechanical rolling, is destroyed. In weld metal, the structure of cast metal with properties
are based on the used welding method (welding parameters) and additional material. Therefore, there is
aneed for the assessment of the welding method and parameters’ impact on welded joints from steels,
which parameters are a result of TMCP properties, especially when unconventional heat sources,
such as a laser or laser-arc hybrids, are used [16-19].

The development of the above-named steels entails research works concerning various
technologies enabling the joining of such steels [20-22]. Increasingly often, metals and their alloys are
joined using highly efficient welding processes enabling the obtainment of high-quality welded joints
accompanied by high joining process efficiency and less labour. The above-presented approach has
resulted in the improvement of existing welding methods and, among other things, in the development
of hybrid welding (in the late 1990s). However, only recently has the hybrid welding process seen
growing popularity in, e.g., the shipbuilding or automotive industries, and it is gradually replacing
laser and arc welding.

The hybrid laser arc welding (HLAW) technology combines two conventional welding methods.
This process involves the simultaneous use of a heat source in the form of a laser radiation beam and
an electric arc. According to the PN-EN ISO 15614-14 standard, a welding process can be referred
to as hybrid where two coupled heat sources are used to form one common weld pool (Figure 1).
The combination of two independent welding methods into one hybrid process results in the synergic
effect of two heat sources. Consequently, the hybrid welding process is characterised by advantages
typical of both methods. In addition, the above-presented combination reduces or eliminates
limitations and disadvantages related to the use of only one heat source. Controversially, the beginning
of the development of the hybrid technology (combining two independent heat sources) in welding
engineering is seen by many as the announcement (in 1972) made by a group of engineers from the
Philips Research Laboratory, Eindhoven, Holland (led by W.G. Essers and A. C. Liefkens) concerning
the development of a new torch combining functions of plasma welding (PAW) and Gas Metal Arc
Welding (GMAW). Initial attempts involving the combination of the laser method with the arc process
were conducted at the Imperial College in London in the 1970s. A group of scientists supervised
by William Steen demonstrated unquestionable advantages resulting from the combination of a
plasma arc with a CO, laser beam. The welding rate increased by 50-100%, whereas the penetration
depth increased by 20% when compared with that obtained using one heat source, i.e., a laser beam.
The process of hybrid welding can involve the use of two independent heat sources with two
independent technological heads. However, the foregoing requires precise positioning and the
use of a simple system enabling the synchronised activation of both heat sources. In addition, it is
possible to use special heads dedicated to the hybrid process that ensure the appropriate positioning
of the two heat sources. In the HLAW, method it is possible to use nearly any industrial laser,
yet the recent significant development of solid-state lasers (disc and fibre lasers) has made them the
most popular sources of laser radiation in the hybrid method. In addition, a plasma cloud formed
during the hybrid-welding process is more transparent for the electromagnetic wave emitted by
the above-named lasers (approximately 1 um), nearly entirely regardless of the type of shielding
gas used in the arc method. Arc methods usually used in the HLAW method are those where the
electrode is simultaneously filler metal fed to the welding area in a continuous manner (Metal Inert
Gas (MIG), Metal Active Gas (MAG)). The filler metal makes it possible to adjust the chemical
composition of the weld through supplying appropriate alloying elements to the weld pool and
ensures the proper course of the welding process when a gap between joined elements is present
(in terms of laser welding, there should be no gap between elements to be joined). The laser beam
enables the obtainment of deep penetration using low linear energy, stabilises the arc, and improves
the thermal efficiency of the process. The electrode wire ensures the complete filling of the weld
groove gap and the formation of excess weld metal. The process of hybrid welding can be particularly
useful in large-size industrial-scale production, primarily because of a higher acceptable tolerance
when preparing the elements to be welded, the possibility of joining sheets in one run, and a lower
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accuracy when positioning the sheets to be joined [23-31]. HLAW is a relatively new welding process
which causes specific thermal conditions that result in a change of the crystallization mode and
precipitation type and size in a welded joint. The aforementioned conditions have a substantial
impact on the properties of thermo-mechanically rolled steel joints. Determination of HLAW welded
joints” properties enables the application of contemporary, highly efficient welding technologies in an
industrial environment. Industrial demand for research in the field of joining contemporary steels with
recent welding processes was the basis for collaboration between the Silesian University of Technology
and the Welding Institute.

In this study, the welding of novel hot-rolled 700 MPa tensile strength Nb-Ti-V microalloyed
steels of 10 mm thickness was carried out by HLAW. The joint microstructure, hardness, strength,
and impact toughness were examined, and face and root bend and radiographic tests were performed.

Hybrid Laser GMAW Welding Process
(Laser Leading Anc)

Focused Laser Beam
Gas Matal Arc
Welding Tarch

Electric Arc

-«

Direction of Travel

Figure 1. Schematic diagram of the hybrid welding process [26].

2. Experimental Section

The research-related tests aimed to identify the properties of butt hybrid welded (laser beam-MAG)
joints made of 10-mm-thick steel S700MC using a copper strip and solid wire GMn4Nil.5CrMo having
a diameter of 1.2 mm. The chemical composition and the properties of the steel and weld deposit are
presented in Tables 1 and 2, whereas the steel microstructure is presented in Figure 2.

Table 1. The real chemical composition performed using Optical Emission Spectroscopy (OES) and the
mechanical properties of the original S700MC steel material.

Chemical Composition, wt %

C Si Mn P S Algor, Nb v Ti B Mo. Ce **
0.056 0.16 1.18 0.01 0.005 0.027 0.044 0.006 0.12 0.002 0.0150 0.33
Mechanical Properties
Tensile Strength Rm, MPa Yield Point Re, MPa Elongation As, % Hardness HV Impact strength, Jlem? (—20 °C)
822 768 19 280 135

* Total amount of Nb, V, and Ti should amount to a maximum of 0.22%. ** Ce: carbon equivalent.
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Table 2. Chemical composition and mechanical properties of filler metal GMn4Nil.5CrMo.

Chemical Composition, wt %

C Mn Si Cr Ni Mo Ti
0.1 18 0.7 0.3 2.0 0.55 0.07
Mechanical Properties
Tensile Strength Ry, MPa Yield Point Re, MPa Elongation As, % Impact Strength, J/cm? (—40 °C)
900 810 18 55

Figure 2. Microstructure of bainitic-ferritic steel S700MC with visible effects of plastic deformation.

The tests of thin foils performed using a transmission electron microscope revealed that the
hardening of steel S700MC was primarily caused by dispersive (Ti,Nb)(C,N)-type precipitates (a few
nm in size) formed in the steel ferrite during cooling (Figure 3). The growth of recrystallised austenite
grains in the steel was reduced by spherical (Nb,Ti)C and (Ti,Nb)(C,N) carbide precipitates having
diameters of between 10 and 50 nm (Figure 4).

Element Mass Concentration, % Atomic Concentration, %
NK 10.77 32.72
Ti K 56.27 49.96
Mn K 1.74 1.34
Fe K 5.48 4.18
Nb (K) 25.72 11.77

Figure 3. Cont.
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Figure 3. Precipitation of carbonitride (Ti,Nb)(C,N) with numerous small dispersive precipitates
corresponding to the hardening of the steel. (a) recipitation of carbonitride (Ti,Nb)(C,N); (b) large
particle-related EDX spectrum.
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Figure 4. Dispersive precipitation of carbides (Ti,Nb)C in S700MC steel limiting the growth of
recrystallized austenite grains. (a) dispersive precipitation of carbides (Ti,Nb)C; (b) EDX spectrum;
(c) diffraction pattern; (d) diffraction pattern solution.
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2.1. Welding Process

The welded joints were made at Welding Institute in Gliwice using a robotic station (Figure 5).
The tests were performed using a TruLaser Robot (TRUMPE, Stuttgart, Germany) 5120 cell-equipped
with a TruDisk 12002 disc laser (TRUMPEF, Stuttgart, Germany) having a power of 12,000 W (wavelength
A = 1030 nm) and an EWM Phoenix 452 RC PULS (EWM AG, Miindersbach, Germany) synergic power
source. The hybrid welding head (laser beam-MAG) was fixed on the robot’s wrist. The focal length of
the laser optics collimator was f. = 200 mm, whereas the focal length of the focusing lens amounted
to ffoc =400 mm. The diameter of the optical fibre supplying energy from the laser to the robot was
diber = 0.4 mm. The above-presented arrangement of the optics made it possible to obtain a laser beam
focus diameter dy,. = 0.8 mm (Figure 6). The electrode extension was I = 18 mm. The shielding gas used
in the tests was mixture M21 (18% CO, + 82% Ar), whereas the gas flow rate amounted to 18 dm?/min.
The filler metal was solid wire GMn4Nil.5CrMo having a diameter of 1.2 mm. The welding process
was carried out in one pass. The electrode was inclined in relation to the welded surface at angle
o = 65°, whereas the distance between the electrode tip and the laser beam was a = 2 mm (Figure 6).
The parameters used when making the joint (adjusted on the basis of preliminary tests [32,33]) are
presented in Table 3.

Figure 5. Hybrid welding station (laser beam-Metal Active Gas (MAG)).

Table 3. Parameters of the hybrid welding of 10-mm-thick steel S700MC.

Pre-Weld Metal Preparation Welding Sequence
=}
. AN
0-0.5
Beam Power, W Welding Rate, m/min Wire Feeding Rate, m/min Welding Current, A Arc Voltage, V Width of the Gap, mm
5000 0.7 8 250 22 0.7

Shielding gas: C18 ferromix; filler metal wire: GMn4Nil.5CrMo having a diameter of 1.2 mm; welding performed
using a copper strip: a rectangular groove; dimension of welded joints: 350 mm x 150 mm x 10 mm; fixing with
metalwork clamps; a copper washer on the side of the weld ridge; positioning of the laser beam in the axis of the
welding groove.
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Figure 6. Diagram of the laser optical system and the position of the laser beam and electric arc in the
hybrid technology. (a) the laser optical system; (b) position of the laser beam and electric arc.

2.2. Tests of Welded Joints
The test welded joint was subjected to the following non-destructive tests:

e visual tests performed on the basis of the requirements specified in the PN-EN ISO
17637:2011 standard;

*  magnetic particle tests performed following the guidelines referred to in the PN-EN ISO 3059:2005,
PN-EN ISO 9934-2:2003, and PN-EN ISO 9934-3:2003 standards. The necessary contrast was
obtained using white contrast paint MR 72. The tests were performed using magnetic powder
suspension MR 765 (MR International, Frankisch-Crumbach, Germany) and a yoke electromagnet;

e radiographic tests based on the PN-EN 1435 standard performed using a CERAM 235 X-ray
tube (Balteau NDT, Hermalle-sous-argenteau, Belgium) with the X-ray beam having a diameter
d =2 mm, a voltage U = 180 kV, a current I = 3 mA, and intensifying screens OW of —0.15 mm.
The test results were recorded using an AGFA C5 photographic plate with an exposure time
t =2.3 min and a focal length f = 700 mm. Images were assessed using a 13FEEN wire-type image
quality indicator.

Following the non-destructive tests, the welded joint was subjected to the following destructive tests:

* tensile tests performed in accordance with PN-EN ISO 6892-1:2010 using a ZWICK/ROELL Z
330RED (Zwick Roell, Ulm, Germany) testing machine and specimens sampled in accordance
with PN-EN ISO 4136:2011 (dimensions of the sample: 300 mm x 35 mm x 10 mm);

e aface bend test of the butt weld (FBB) and a root bend test of the butt weld (RBB) performed in
accordance with the PN-EN ISO 5173:2010 standard (dimensions of the sample: 300 mm x 20 mm
x 10 mm). The bend tests were performed using a ZWICK/ROELL Z 330RED testing machine
(Zwick Roell, Ulm, Germany) with an additional module enabling the performance of bend tests
involving the use of a bending mandrel having a diameter of 30 mm. The distance between the
rollers was set at 60 mm. To identify the position of the weld axis, the faces of the specimens were
etched using Adler’s reagent;

e impact strength tests performed in accordance with PN-EN ISO 148-1:2010 using specimens with
the V-notch and a ZWICK/ROELL RKP 450 impact testing machine (Zwick Roell, Ulm, Germany).
The tests were conducted at a temperature of —30 °C (due to industrial requirements). Because of
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the thickness of the plates being welded (10 mm) and the necessity of performing a preparatory
mechanical treatment, the specimens were reduced in cross-section to 7.5 mm. The samples were
extracted from the base metal, the heat-affected zone (HAZ), and the FL (fusion line), and the
specimens were etched using Nital;

e macroscopic metallographic tests performed using an Olympus SZX9 light stereoscopic
microscope (Olympus, Tokyo, Japan); the test specimens were etched using Adler’s reagent
(CHMES, Poznan, Poland);

e microscopic metallographic tests performed using a NIKON ECLIPSE MA100 light microscope
(Nikon, Tokyo, Japan); the test specimens were etched using Nital;

e hardness measurements performed using a Vickers 40IMVD hardness testing machine
(Wilson Wolpert, Norwood, Massachusetts, USA) and a load of 1 kg;

e X-ray phase analysis performed using an X'Pert PRO diffractometer and an X’'Celerator strip
detector (PANalytical, Almelo, The Netherlands);

®  tests of thin foils performed using a Titan 80-300 kV (FEI) high-resolution scanning transmission
electron microscope (HR S/TEM, Thermo Fisher Scientific, Waltham, MA, USA) provided with
an XFEG electron gun with the Schottky field emission characterised by enhanced brightness.

Samples for destructive testing were prepared by machining.

3. Results and Discussion

The visual tests and the magnetic particle tests of the welded joint did not reveal surface-breaking
welding imperfections, such as cracks, porosity, incomplete fusion, or a lack of penetration (Figure 7).
The radiographic tests did not reveal the presence of internal welding imperfections. The welded
joint satisfied the requirements related to quality level B according to ISO 12932. The macroscopic
metallographic tests did not reveal the presence of welding imperfections in the weld and
HAZ (Figure 8). Excess penetration in the weld root was related to the shape and dimensions of
the copper strip used during welding.

Figure 7. The face and the root of the hybrid welded joint (laser beam-MAG) in steel S700MC.

The microscopic metallographic tests revealed a bainitic-ferritic microstructure in the weld area.
The heat-affected zone (HAZ) was characterised by variably sized grains, which could be ascribed to a
significant heat input during the hybrid welding process (Figure 9). In addition, the microscopic tests
revealed the probability of nitride precipitates” presence in the HAZ and in the base material; this is
evidenced by their distinctive sharp shape (Figure 10). HLAW welding is characterized by relatively
short cooling times tg/5, which leads to the formation of martensite in the HAZ. However, as it is
low-carbon martensite, it has no negative impact on plastic properties. In specific region of the HAZ
with an increase of distance to the fusion line, ferrite content is increasing in lieu of bainite.
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Base material

Figure 8. Macrostructure of the hybrid welded joint (laser beam-MAG) made in steel S700MC. HAZ:
heat-affected zone.

Figure 9. Cont.
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(e)

Figure 9. Microstructure of the hybrid welded joint (laser beam-MAG). (a) microstructure of the upper
part of the weld; (b) microstructure of the lower part of the weld; (c) microstructure of the upper part
of the fusion line; (d) microstructure of the lower part of the fusion line; (e) microstructure of the
coarse-grained part of the HAZ; (f) microstructure of the fine-grained part of the HAZ.

(a) (b)

Figure 10. Nitride precipitates in the hybrid welded joint (laser-MAG) made of S700MC steel.
(a) base material; (b) HAZ.

The analysis of the destructive test results of the hybrid butt welded joint (laser beam-MAG)
revealed that the test joint satisfied the requirements of the ISO 15614-14 standard (Table 4). The hybrid
welding process (laser beam-MAG) resulted in a slight decrease in tensile strength (to approximately
790 MPa) in relation to the hardness of the base material (820 MPa). The rupture took place in the HAZ
(an area of slight grain growth). The above-named decrease in tensile strength was connected with the
loss of properties obtained by steel S700MC through the thermo-mechanical control process. This is
mainly related to the increase in the proportion of ferrite in the structure and the grain growth in
this area. The bend test resulted in a bend angle of 180°, both during bending on the face and root side,
which demonstrated the high plastic properties of the joint. The impact strength test performed at
a temperature of —30 °C revealed satisfactory toughness values in the weld, fusion line, and the
HAZ. In the weld area, the toughness amounted to 89 J/cm?. In the fusion line area, the toughness
decreased to approximately 50 J/cm?. In the HAZ, the toughness amounted to approximately 40 ] /cm?,
(samples for impact tests were cut across the welded joint). The toughness of the base material
amounted to 50 J/cm?.
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Table 4. Strength and plastic properties of the hybrid weld joint (laser beam-MAG) made of

S700MC steel.
. . Impact Strength KCV **,
* * o
Tensile Strength Bending *, Bend Angle, J/em2 (Test Temperature —30 °C)
Rm, MPa Area of Rupture Face Root Weld FL HAZ
790 HAZ 180 180 89 51 42

FL: Fusion line; * average result of two measurements; ** average result of three measurements.

The hardness measurements concerning the hybrid welded joints made in steel S700MC revealed
that the lowest hardness was characteristic of the heat-affected zone and amounted to approximately
227 HV, whereas the highest hardness was that of the base material and amounted, on average,
to 280 HV. The difference between the hardness of the base material and that of the HAZ amounted
to approximately 20%. The hardness value in the upper part of the weld was similar to that of the
base material (280 H V1) and was higher than the value measured in the lower part of the weld
(by approximately 8%). The foregoing could be attributed to the fact that the upper part of the weld
contained more alloying elements, increasing the hardenability (nickel, chromium) supplied along
with the filler metal (Figure 11).
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Figure 11. Hardness of the hybrid weld joint (laser beam-MAG) made of S700MC steel (position of
measuring lines 2 mm from the top and bottom surface of the sheet).

The X-ray phase analysis revealed that the weld contained phase Fex and a slight amount of
phase Fey (Figure 12). The presence of phase Fey could be attributed to the presence of austenitic
alloying elements, e.g., Ni or C, in the weld deposit. The analysis of the total intensity of X-radiation
diffraction maxima from the lattice plane of phases Fex and Fey of individual welded joints made it
possible to determine that the content of retained austenite was restricted within the range of 3-6%.

The microscopic observations revealed that carbonitride precipitates (of several um in size) in
the weld area were dissolved entirely as a result of hybrid welding. The above-named observations
were additionally confirmed by observations performed using the transmission electron microscope.
The weld area was characterised by the decay of the precipitation hardening effect (lack of precipitates
of several nm in size) and the presence of coagulated titanium-niobium precipitates of up to
500 nm (Figure 13), preventing the growth of recrystallised austenite and, consequently, improving
the plastic properties of the weld. In addition, the weld area contained spherical and stable TiO
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precipitates (of 200 nm in size) responsible for the nucleation of ferrite inside austenite grains (Figure 14).
The presence of the above-named ferrite translated into the high mechanical and plastic properties of
the welded joints. This oxide is very stable even at high temperature and leads to ferrite formation
inside coarse-grained HAZ grains.
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Figure 12. X-ray diffraction of the butt weld made in steel S700 MC.

(b) (c)

Figure 13. Titanium-niobium precipitates in the hybrid welded joint made of steel S700MC.
(a) precipitate; (b) surface distribution of titanium; (c) surface distribution of niobium).

Figure 14. Cont.
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Figure 14. Spherical TiO precipitates in the hybrid welded joint made of steel S700MC. (a) precipitates;
(b) linear analysis EDS of titanium concentration; (c) linear analysis EDS of oxygen concentration.

4. Conclusions

The tests of the hybrid welding (laser beam-MAG) of 10-mm-thick steel S700MC involving the
use of a filler metal having the form of solid wire GMn4Nil.5CrMo (1.2 mm in diameter) revealed the
possibility of making welded joints satisfying the criteria formulated in the ISO 15614-14 standard.
The test joints were characterised by a lack of welding imperfections as regards the shape, geometry,
and discontinuity of the weld metal in the cross-section of the welded joint. The tensile strength
of the welded joints was similar to that of the base material, whereas the plastic properties of the
joints were satisfactory. The bend test performed both on the weld face and on the weld root side
enabled the obtainment of a bend angle of 180°, whereas the toughness in the weld, fusion line, and in
HAZ satisfied the criteria of the minimum yield point in relation to welded joints. The fusion line
revealed a decrease in hardness, yet within a relatively narrow range and without compromising the
operational properties of the welded joints. The microscopic tests of the welded joints revealed that the
weld contained the typical bainitic-ferritic microstructure of dendritic nature. The heat-affected zone
contained areas of variously sized grains, which was triggered by the thermal cycle effect. The HAZ
and the base material revealed the presence of phases containing hardening microagents in the form
of significant titanium nitride precipitates (indicated by their shape and the considerable content
of titanium in the steel). The increase in the base material content in the weld was accompanied
by the increase in the concentration of hardening microagents in the weld. The longer the time
at which the material remained in the liquid state, the greater the amount of microagents which
could dissolve in the matrix and re-precipitate (during cooling) or remain in the solution. The high
temperature of the liquid metal pool could have resulted in the dissolution of even the most stable
TiN particles. The cooling process did not provide appropriate conditions enabling the controlled
re-precipitation of fine-dispersive carbides and carbonitrides (Ti,Nb) responsible for precipitation
hardening. The welds made using the hybrid welding method were characterised by higher toughness
resulting from the decay of the precipitation hardening effect (coagulation of precipitates) and the
presence of spherical TiO precipitates responsible for the nucleation of ferrite inside austenite grains and,
consequently, significantly improving the mechanical and plastic properties of the weld.
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Abstract: In this study, an attempt on pulsed-fiber laser welding on an austenitic-duplex stainless
steel butt joint configuration was investigated. The influence of various welding parameters, such
as beam diameter, peak power, pulse repetition rate, and pulse width on the weld beads geometry
was studied by checking the width and depth of the welds after each round of welding parameters
combination. The weld bead dimensions and microstructural progression of the weld joints were
observed microscopically. Finally, the full penetration specimens were subjected to tensile tests,
which were coupled with the analysis of the fracture surfaces. From the results, combination of the
selected weld parameters resulted in robust weldments with similar features to those of duplex and
austenitic weld metals. The weld depth and width were found to increase proportionally to the laser
power. Furthermore, the weld bead geometry was found to be positively affected by the pulse width.
Microstructural studies revealed the presence of dendritic and fine grain structures within the weld
zone at low peak power, while ferritic microstructures were found on the sides of the weld metal
near the SS 304 and austenitic-ferritic microstructure beside the duplex 2205 boundary. Regarding
the micro-hardness tests, there was an improvement when compared to the hardness of duplex and
austenitic stainless steels base metals. Additionally, the tensile strength of the fiber laser welded
joints was found to be higher when compared to the tensile strength of the base metals (duplex and
austenitic) in all of the joints.

Keywords: fiber laser welding; dissimilar material; stainless steel; microstructure; hardness;
tensile strength

1. Introduction

In the automotive, oil, aerospace, and nuclear power industries, the welding of dissimilar materials
is a strategic area of interest [1,2]. Owing to the differences the metallurgical and physico-mechanical
behaviour of joined dissimilar materials (DM), they have attracted significant interest when compared
to the joints of similar materials. Components with adequate ductility, high strength, good corrosion
resistance, and desirable electrical and thermal conductivities have been achieved through DM
welding [3,4]. Several DM welding techniques have been reported, including Welding-Brazing [5-7],
Arc [8-10], Friction [11], Friction stir [12,13], Ultrasonic [14,15], Explosive welding [16], Laser [17-19],
and Hybrid Laser-Arc welding [20,21].

There is an increased risk of encountering problems with DM during welding and in the resultant
weldments. The noted problems with DM welding include (a) carbon migration from materials higher
carbon content to the materials with less carbon content; (b) the variation in the thermal expansion
coefficient of the materials, triggering a deviation of the thermal residual stress over disparate parts of
the weldments; and, (c) the challenges in the execution of the post-welding heat treatment, especially
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in compounds where one of the joined materials is sensitive to an unwanted deposition at elevated
temperatures [22]. Consequently, the solution largely depends on high-energy-density techniques,
including electron beam and laser beam welding methods, which result in excessive industrial
concerns [23].

The laser welding technique, both in continuous and pulse modes, gained interest in the 1960s.
The laser welding requires a low heat input during welding, which results in a higher capability of
combining heat-susceptible parts with low distortions. The small focusing zone of laser welding is the
main reason for its wide application in cropping narrow welding zones with low heat involvement.
Additionally, the welded beads from laser welding processes are created with limited residual stress
and deformation [24]. To create a high-quality joint between two different materials with different
physico-mechanical and metallurgical characteristics while using the laser welding technique, there
must be a suitable combination of welding variables [25]. For Arc welding procedures, fiber laser
welding (FLW) is one of the extensively recommended techniques due to its precise benefits such as
higher efficacy, absence of flux obligation, low defects, low maintenance cost and compact size, good
appearance, and simplicity of mechanization [26].

Austenitic stainless steels (ASS) account for about 70% of stainless steel groups. They have a
face-centred cubic structure, with individual characteristics, such as weldability, corrosion resistance,
toughness, and ductility [27]. Duplex stainless steels (DSS) were developed to accommodate strong
bonding and higher resistance to the pitting zones, and stress corrosion cracking to support 300-series
ASS [28,29]. When compared to ASS, DSS have greater product strength and stress-corrosion cracking
resistance to chlorides. This distinctive feature of the DSS is the reason for their application in many
industries such as chemical process plant piping, structures in marine environments, biomedical
applications, oil and gas transmission lines, and nuclear power plants [30-36]. DSS is composed of a
two-phase microstructure, showing an approximately similar ferrite and austenite balance [37]. Their
exclusive properties are completely based on the equal stability exhibited by ferrite and austenite.
However, with the duplex steels, it is advised to use a low welding joint energy [38-40].

DM welding is used in many industries for the combination of different stainless steels or with
other materials. The reasons for this combination of these dissimilar materials are economical and
evolutional. To create a weld joint with the benefits of the dissimilar materials and good service
performance, it is necessary to select a suitable welding technique and a proper filler metal [41]. Since
laser welding techniques does not involve the use of filler metals, it is therefore obvious that the process
parameters play a key role in achieving the desired weld joints. The mechanical properties of stainless
steel have strongly been reported to rely on the microstructure of the joint. It is necessary, therefore,
to study the relationship of the microstructure with their mechanical properties. Berretta [42] had
investigated the pulsed Nd:YAG laser welding of AISI 304-AISI 420 stainless steels, while Anawa [43]
experimented on the optimization of the tensile strength of ferritic/austenitic laser-welded components.
Similarly, another study has experimented on low carbon and austenitic stainless steels to determine the
major parameters that influence the mechanical properties and microstructure of a laser welded joint
steel [44]. The study reported that a variation of the laser beam position can be effective in controlling
the composition of the fusion zone. Anawa and Olabi [45] statistically studied the dissimilar LBW of
stainless steel and low carbon steel and reported a significant influence of the laser power and welding
speed on the weld bead characteristics. Torkamany et al. [46] studied low carbon-austenitic stainless
steel for the influence of dissimilar laser welding on its mechanical performance and microstructure.
The study revealed that the transition of laser welding mode from conduction to keyhole had a
significant influence on the size of the fusion zone and dilution percentage of low carbon steel. Even
though several works have been reported on the application of laser welding [18,44,47], limited studies
are available in the area of fiber laser techniques of dissimilar materials (DM), such as carbon steel with
aluminium alloys [44], titanium alloy with steel [48], wrought to powder stainless steel [49], stainless
steel to aluminium [50], magnesium alloy to stainless steel [51], and aluminium with titanium [52].

64



Metals 2017, 7, 546

In summary, many studies have reported interesting findings on the potential of welding stainless
steel. However most of these studies have failed to simultaneously examine the effect of fiber laser
welding on dissimilar duplex-austenitic stainless steel. Therefore, this study aims to experimentally
investigate the influence of fiber laser parameters on the mechanical and metallurgical characteristics
of dissimilar 2205-304 stainless steel plates.

In this study, a fiber laser welding technique was employed to join two dissimilar metals plates
(AISI 304 and AISI 2205) of 2 mm thickness. The joined metals were characterized for the tensile test,
microhardness, macrostructure, microstructure, and phase composition, using an optical microscope
(OM) and scanning electron microscopy (SEM) coupled with an energy dispersive spectrometer (EDS).

2. Materials and Methods

2.1. Base Materials

AISI 2205 duplex and AISI 304 austenitic stainless steels were the metals used in this study, with
their chemical composition shown in Table 1. Before welding, the metal plates were shaped to sizes,
with L x W x T dimensions of 75 x 50 x 2 mm, respectively.

Table 1. Chemical composition of the base metals (wt %).

Elements C Cr Ni Mn Si P S Mo Nb
AISI 2205 0.03 2207 438 1.15 0.53  0.003 0.005 3.65 0.002
AISI 304 0.07 18.3 8.6 1.18 0.47  0.003  0.005 - 0.002

The ASS is made up of randomly linking equiaxed austenite crystals (y), whereas the DSS entailed
of grainy and lengthened particles of ferrite (x) and austenite (), respectively, as shown in Figure 1a,b.
The experimental setup is shown in Figure 2.

(b)

Figure 1. The microstructure of (a) Austenitic stainless steels (ASS) 304; (b) Duplex stainless steels
(DSS) 2205.
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Computer || @ System
| .
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Figure 2. The experimental setup.
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2.2. Laser Welding

The laser welding studies were conducted using a pulse-mode with an output power of 2 kW.
The fiber laser welding (FLW) was performed at an angle of 10° from a vertical position, whereas
the laser was fixed at the joint border. Table 2 showed the varied parameters (peak power PP, beam
diameter BD, pulse width PW, and pulse repetition rate PRR) that were used during the welding
process. Argon gas (99.99% purity) at a flow rate of 20 L/min was used as the shielding gas.

Table 2. The fiber laser welding parameters.

No. PP (kW) BD (mm) PW (ms) PRR (Hz)
1 1 0.3 5 15
2 1.2 0.3 5 15
3 14 0.3 5 15
4 1.6 0.3 5 15
5 1.8 0.3 5 15
6 14 0.24 5 15
7 14 0.3 5 15
8 1.4 0.35 5 15
9 14 0.4 5 15
10 14 0.45 5 15
11 14 0.5 5 15
12 14 0.35 3 15
13 14 0.35 4 15
14 14 0.35 5 15
15 14 0.35 6 15
16 14 0.35 7 15
17 14 0.35 8 15
18 1.4 0.3 5 8
19 1.4 0.35 5 10
20 14 0.3 5 12
21 14 0.3 5 15
22 14 0.3 5 18
23 14 0.3 5 20

2.3. Metallography

The weld geometry was studied at several weld zones to observe the changes in the bead profile,
and weld joint microstructures through low-intensity optical microscopy (MT8000 Series Metallurgical
Microscopes, Roanoke, NC, USA) and scanning electron microscopy (SEM) (HITACHI Table Top
Microscope TM3030Plus, Schaumburg, IL, USA). Energy dispersive X-ray analysis (EDS, HITACHI,
Roanoke, NC, USA) technique has been utilized for the qualitative analysis of the samples.
Metallographic investigations were conducted on a “compound region” of 30 mm x 10 mm X 2 mm,
which involved all of the weldment regions (base metal, heat-affected, and fusion zones). The samples
were etched with modified Kalling’s solution (5 mg CuCl; in 100 mL ethanol and 100 mL HCI) for a
period of 20 s. The compound weldment regions were polished with alumina and distilled water, using
emery sheets of SiC of varied sand sizes ranging from 240 to 1200. The polishing process followed
regular metallographic techniques to achieve a perfect mirror finishing of approximately 1 um.

2.4. Mechanical Tests

Figure 3 shows the weld bead dimensions (W: width of weld bead, D: depth of penetration),
while the micro-hardness was measured at 0.5 mm from the top surface of the welded joint. Vickers
hardness analysis technique was applied to study the mechanical behavior by using a hardness tester,
Tukon 1202 (Instran ITW Test & Measurement Co., Shanghai, China). Hardness measurements were
studied across the interface. Standard 500 gf load was smeared for a residing time of 10 s and the
quantities were measured at consistent intervals of 0.20 mm. The tensile tests were performed following
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the American Society for Testing and Materials (ASTM E8M-04 Standard). Sub-sized specimens were
prepared due to the small plate thickness. The samples for the tensile tests were transversely cut to the
weld direction and were machined to the dimensions that are presented in Figure 4.

« W

Hardness points
Z

0.5mm

Figure 3. Weld bead profile and the micro-hardness position across it.
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Figure 4. Sketch shows the geometry of (a) the American Society for Testing and Materials (ASTM) E8
standard tensile strength of the laser-welded samples and the base metals; (b) the Sub-sized specimen
(all dimensions in mm).

3. Results and Discussion
3.1. The Influence of Weld Parameters on the Weld Profile

3.1.1. Influence of Peak Power on Weld Geometries

The peak power exhibited a continuous effect on the heat input in each individual pulse (Tests 1-5).
A linear increase in the weld depth and width was observed at varied peak power rates. The weld
depth was significantly influenced by the increase in peak power when compared to the weld width
(see Figure 5a). A maximum depth and width value of 2 mm and 0.9 mm, respectively, at full
penetration was recorded at a peak power of 1.8 kW.
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Figure 5. Effects of (a) peak power and; (b) laser diameter on weld width and depth.

3.1.2. Laser Beam Diameter Effects on Weld Geometries

Figure 5b shows a decrease in the weld penetration depth and weld width with the laser beam
diameter (Tests 6-11). The decrease in the weld width was due to the decline in the applied laser ray
focal point. However, a decrease in the beam diameter caused an increase in the laser density at the
same laser power, which effectively increased the weld depth. The optimum values were the obtained
at a laser beam diameter of 0.35 mm, which fashioned almost a weld depth and width of 1.38 mm and
0.79 mm, respectively.

3.1.3. Influence of Pulse Width on the Weld Geometries

The pulse width demonstrated a bilateral influence on the weld bead dimensions (Tests 12-17).
Figure 6a showed that the best weld dimensions can be achieved at the optimum value, depending on
the materials involved and the thickness of the joined parts. The weld depth reached the maximum
value with increasing pulse length due to the increased system pulse overlapping. Furthermore,
there was a decrease in the weld depth as the pulse width exceeded the optimal value, but, on the
weld width, there was no significant effect. The decrease in the laser power is attributed the effect of
the increase in the pulse length and energy decline. An optimal pulse width of 5 ms at 1.4 kW was
achieved, resulting in a weld depth of 0.79 mm and weld width of 1.73 mm.
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Figure 6. Influence of (a) pulse width and; (b) pulse repetition rate on the depth and width of the
weld bead.

3.1.4. Influence of Pulse Repetition Rate on the Weld Geometries

Figure 6b showed an increasing pattern of the weld width and depth, with an increasing pulse
repetition rate (Tests 18-23). This result is largely due to the enhanced pulse overlapping because of
an increase in the pulse repetition rate. The pulse overlapping resulted in an increased pulse density,
which increased the weld depth. The optimal pulse repetition rate value was obtained at 20 Hz; thereby,
producing a weld depth of 1.95 mm and weld width of 0.97 mm.
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3.2. Metallography and Visual Examination

Macro and Microstructure of the Welded Joint

A top view of the fiber-laser welded dissimilar joints is illustrated in Figure 7, showing the
different zones (fusion zone (FZ), HAZ) of the welded seam for the joined plates. The Macrograph of
the weld geometry of the welding tests that were studied during the analysis is presented in Figure 8.
As shown in the Figures, several variables (dimensions of the welds) and their effects were determined
by the presence of a persistent variable. Samples 1-5 were used to scrutinize the behavior of the peak
power, while Samples 6-11 were studied to reflect the effect of laser beam diameter. Samples 12-17
were used to show the properties of the pulse width, while Samples 18-23 were studied for the effects
of the pulse repetition rate.

imm

Figure 7. Plan view of the seam welding.

9 10 11

Figure 8. Macrograph of the weld geometry, depth, and width of appointed samples. The numbers
shown are referred to the welding tests listed in Table 2.
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A macro investigation showed narrow welded beads of 2205-304 stainless steel welded joints
with complete fusion (Figure 8). A fast interaction of solid metals and molten liquids, as well as the
formation of metallic vapors at high laser power intensity, results in instability in the weld pool during
keyhole laser welding. On one side, it encourages deep laser penetration, and on the other hand,
it controls the welded bead profile by governing the different patterns of heat transfer and fluid flow
in the welded pool which can lead to various surface deformations [53].

During fusion welding, the deformation of the welded surface can assume a convex or concave
profile (the convex weld bead profiles are profiles that protrude above the joining material, while
those that form a dip are termed concave weld bead profiles). Few studies have been reported on
the mechanisms that are responsible for the shape of weld bead profiles [54-56]. The effect of surface
deformation and melt flow on weld bead formation was first investigated by Bradstreet [57] when
correlated the bead profile of a convex-shaped profile to the surface tension, which controls edge
wetting in the weld pool. Similarly, several reasons, such as the aspect ratio, heat transfer, melt flow,
pressure balance, and welding speed account for the development of concave-shaped weld bead
profiles [53,58-60].

The weld microstructure of various materials is highly complex because of different cooling rates
in the laser welding process [61]. On the other hand, steadiness in the microstructures at different weld
locations can be determined. The micrographic examination was performed on a cross-section of the
2205-304 dissimilar welded joints (Figure 9).

Figure 9. Micrograph of fiber-laser welding dissimilar 2205-304 stainless steels (SS).

The study was conducted to examine and analyse several points at the fusion zone and near the
base metals. Figure 10a shows the microstructure (mainly a mixture of ferrite and austenite) present at
the 2205 DSS base metals near the 2205 DSS (point “a” in Figure 9). Conversely, the microstructure
at the position closer to the 2205 stainless steel was improved and additionally subtle than the initial
dual phase assembly of the 2205 SS. A superior cooling rate is considered responsible for this behavior
in laser welding [39,62,63]. Figure 10b showed the microstructures in the fusion zone (FZ), and at the
boundary between the FZ and the base metals (point “b” in Figure 9). Larger grains were observed in
the FZ, while fine grains were noted in the BM section. The fine grains in the FZ were bordered by the
coarse grains of the two diverse metal sides due to dynamic recrystallization [64].

In Figure 10b, the longitudinal columnar grain structures were dispersed at the principal area of
the FZ along the vertical direction. The area next to the BM was categorized by the equiaxed particles,
as shown in Figure 10a,c (point “c” in Figure 9). Paralleled-lined structures were observed on the side
of the ASS near the central equiaxed particle structures and the neighboring boundaries, are presented
in Figure 10c.
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2205 side 304 side
() (b) (0

Figure 10. Microstructure of the fusion zone in 2205-304 dissimilar welding: Grain shape close to
(a) 2205 side, (b) in the center line of the fusion zone, (c) close to 304 side.

A proper fusion of the base metals was achieved with the predetermined process parameters
using fibre laser welding technique. The SEM observations of various weld metal microstructure
at room temperature of some selected AISI 304 samples welded with duplex 2205 are listed in
Figure 11. Generally, the final microstructure of all the weldments can be standardized by the chemical
composition of the parent metals and the thermal cycle of the welding process, as the stainless steel
welds had four potential solidification modes namely, fully ferritic, primary ferritic, primary austenitic,
and fully austenitic [65,66].

athy
Ferrite_

AWidrianstatten
oraustenita >

10

Figure 11. SEM of the weld zone of selected samples. The sample numbers displayed on the graphs
refer to the welding tests listed in Table 2.

71



Metals 2017, 7, 546

Type A (fully austenite) or AF (austenite to ferrite) principally refers to austenite solidification,
which results in diverse austenite and ferrite morphologies. The FA (ferrite to austenite) mode signifies
emaciated and/or stripped ferrite caused by ferrite to austenite transformation; F symbolizes acicular
ferrite with a particle boundary of austenite, as illustrated in (Figure 9). A successive transformation of
ferrite to austenite ensues in solid form within a temperature range of 1300-800 °C [33]. Additionally,
an increase in the Creq/Nieq ratio results in a higher ferrite propensity foundation and altering of the
solidification approach from A and AF to FA or F [67].

SEM investigations (point b in Figure 9) revealed the formation of delta ferrite at the center
line of the FZ due to the higher cooling level during laser welding, as shown in (Figure 11). On the
304 austenitic SS side (point ¢ in Figure 9), a significant decrease in the austenite quantity was observed,
and the microstructure largely comprised of ferrite materials (Figure 12). The chemical composition
of the welded metals near 304 SS were studied using EDS; the line mapping of the weldment is
shown in Figure 13, and the elements that were analyzed included both ferrite (Cr, Mo, Si, Fe) and
austenite (Ni, C, Mn) stabilizing elements; while, the analyses and the corresponding values are
presented in Table 3. Moreover, Table 3 also presents the chemical composition of the 304 stainless
steel. Commencing the WRC-1992 diagram [68], it is expected that the weld microstructures would
enclose a combination of austenite and ferrite, containing approximately 11-18% of ferrite. The Creq
value was equivalent to 19 and the Nieq value was close to 11, giving a Creq/Nieq ratio of 1.73 and that
means the solidification process led to ferritic formation, as previously reported [69,70].

Table 3. Chemical composition of 304SS base metal and the weld zone near 304 SS.

Position Fe Cr Ni Cu Si v Mo Mn

Base 304 54.46 14.8 5.96 1.48 0.53 0.09 0.18 1.49
WZ near 304  51.04 15.8 5.23 0.09 0.57 0.05 1.44 1.14

0

Figure 12. SEM of the weld zone microstructure at points near SS 304.
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Figure 13. Energy dispersive spectrometer (EDS) line mapping analysis of duplex-austenitic stainless
steel weldment.

At test number 5, a solidification crack was detected on the side of 304 SS at a peak power of 1.8 kW
due to the high peak power value. The crack was instigated from the center of the weld and it was
directed towards the base metal, as illustrated in Figure 14. The diverse thermal and physical (heat
capacity, thermal conductivity; and the relationship between hardness and temperature) behaviors of
the materials, which were supposed to weld in DSS metal welding resulted in a general symmetrical
distortion. In contrast to the duplex stainless steel, the tested specimens did not exhibit any extensive
warp. This behavior of austenitic stainless steel is due to their less hardness and heat conductivity
at elevated temperatures. This behavior has been recognized in the friction welding of different
weldments, such as stainless steel to copper, steel to aluminum, and steel to titanium [26,71,72].

Figure 14. Solidification crack in the fusion zone at 304 side.

The basis of crack-susceptible microstructure in stainless steels is the evolution of impurity-developed
and low-melting liquid films along the grain boundaries in the final phase of the solidification
process [53,73]. The influence of ferrite content in welds on the solidification and cracking at room
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temperature has long been documented, but it has not been accurately linked with the cracking
sensitivity. A greater focus has been on the solidification behavior of stainless steel welds [74-76].
For alloys that display a Creq/Nieq ratio of less than 1.5, austenite is the key phase of solidification.
With an increment in the Creq/Nieq ratio (1.5 to 2.0), the primary solidification is promoted by ferrite.
Duplex stainless steels are those that solidify completely to ferrite (Creq/Nieq > 2) [39]. They exhibit
cracking vulnerability to indeterminate alloys that experience complete austenitic and ferritic/austenitic
solidifications [33]. In the welding process, most of the produced duplex weld metals are initially
solidified in a fully ferritic mode. At the fusion line of the base metal, there is a higher rate of ferritic
solidification within the weld metal. In the DSS weld, ferrite grains are encouraged to form a coarse
columnar structure as a reasonable and epitaxial result of the growth of ferrite grains. Figure 15 showed
that in the weld metal with excessive ferrite content, the austenite aggregate drops; the morphology
modifies to granular form; and, fine precipitation appears in the ferrite. Austenite precipitates in the
cooling process of a welded metal from a temperature of 1300 °C to 800 °C due to the higher free
energy of the ferrite grain interfaces. The degree of precipitation is governed by the cooling rate and
chemical composition of the compound [77,78]. However, the austenite morphology (Widmanstétten
or intergranular) plates are largely based on the cooling rates and the size of the ferrite grains [33].

25 SonpE
N D93 x3.0k 30

Figure 15. SEM of weld microstructures at a point near 2205 side.

3.3. Mechanical Tests

3.3.1. Microhardness

The microhardness profiles of the weld regions (304-AHAZ-FZ-DHAZ-2205) are presented in
Figures 16 and 17. AHAZ refers to the austenitic heat-affected zone, while DHAZ refers to duplex
heat-affected zone. Specimens were selected for the microhardness studies based on the peak power
(Tests 2,3,4) and pulse width (Tests 12,14,16) of the welding process. All of the microhardness profiles
in Figures 16 and 17 have the same tendency. The hardness increases in the weld zone and decreases
towards the base metals.
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Figure 16. Microhardness profile along the welded line of dissimilar joints at different peak powers.
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Figure 17. The cross-sectional Vickers microhardness profile of welds joint different pulse width.

For the peak power effect, the fusion zone presented a higher microhardness when compared to
those of the base materials (AISI 304 and AISI 2205), likely being due to the rapid solidification effect.
The microhardness and elemental (Cr, Fe, and Ni) redistribution gradients are positively correlated,
which may be a special attribute of dissimilar joints [79]. The fusion zone of the laser keyhole welds
had a rapid cooling rate of about 104 and 106 °C-s~1 [80] which not only increased the probabilities of
under-cooling and nucleation with the attendant formation of fine structures, but also extended the
solubility of the solutes, thereby preventing marked segregation and resulted in a supersaturated solid
solution with new microstructures [81]. The microhardness of the weld HAZ was less than that of
the weld metal, but greater than that of the base metals at both sides due to the earlier stated reasons.
Figure 16 revealed the hardness dispersal across the welded regions, which indicates that the hardness
was greater on the DSS side when compared to the ASS side. The BM regions showed an average
hardness of 292 HV in the austenitic stainless steel 304 side and 332 HV for the duplex stainless steel
2205 side. The microhardness values increased in the FZ section, with a calculated maximum hardness
value of 432 HV. This indicates that the FLW enhanced the hardness of the material to the level of about
32% and 23% for the duplex and austenitic stainless steel, respectively. The higher heating of laser
welding is beneficial for the growth of ferrite, which is primed to immensely increase the hardness
of the FZ region. Thus, the principal factor that is affecting the hardness in the FZ region is mainly
ferrite formation.

For the pulse width effect, the operational parameters of sample 12, 14, and 16 differed in the pulse
width (3, 5, and 7 ms, respectively). The welding parameters influenced the mode of solidification
and cooling rate of the welding zone. Also, the microstructure of the weld zone was noted to change
with the welding parameters as well. Moreover, the microhardness profile of the samples affected the
variations in their cooling rate. In Figure 17, sample 16 (from Table 2) had the highest hardness value
of 453 HV when compared to samples 12 and 14 with hardness values of 363 and 421 HV, respectively,
due to the variation in the cooling rate. The cooling rate increases with the pulse duration.

3.3.2. Tensile Strength

The tensile tests performed on the fiber laser butt welded joints with complete penetration based
on the impact of peak power (Tests 3, 4, 5 in Table 2). The tests were conducted following the relevant
standards at room temperature. Three samples from each condition were subjected to the tensile
strength test and the average of the triplicates was reported. Figure 18 presents the typical engineering
stress-strain curve of the samples. The SEM analysis accomplished, to show the fracture manner of
tensile test (brittle or ductile failures), as shown in (Figure 19a—-c). Moreover, the EDS analysis was
carried out to exhibit the redistribution of elements in the weld zone that form as a result to the fiber
laser welding of dissimilar metals (2205-304).
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Figure 18. Typical trend of the 2205-304 in stress-strain diagram.
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Figure 19. SEM image and EDS analysis of fiber-laser welded tensile-tested joints at (a) 1.4 kW;
(b) 1.6 kW; and (c) 1.8 kW.

From the SEM fractographs of the tensile tested of peak power 1.4, 1.6, and 1.8 kW weldments
using, the presence of dimpled facets with the macro/micro-voids coalesced in shiny, fibrous fringes
were clearly shown, signifying the ductile mode of the fracture. Also, the 1.8 kW weldments showed
shallow ridges with more voids and dimples, which contributed to the ductile fracture. The percentage
elongation of the 1.4 kW weldments was also noted to be greater, which further confirmed the absence
of any deleterious phase in the fusion zone.

The presence of Mn, Cr, Ni, Fe, Si, and Mo were confirmed from the EDS analysis.
The fractography in Figure 19a showed a dimpled pattern, which indicates that a ductile fracture
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was shown, while in Figure 19b,c, deep dimples were depicted when compared to Figure 19a, which
indicates an improved ductility. From Figure 19a, chromium, and manganese were observed to have
the highest presence, indicating a higher tensile strength in the fractured joint when compared to
the base material (AISI 2205 and AISI 304). The presence of oxygen, which suggests the oxidation of
the material due to the presence of Fe, was noted in the three samples (Figure 19a—c). In Figure 19c,
Mo notably had the lowest presence, pointing towards more ductility. A maximum percentage of Cr
was observed in Figure 19a, which might be due to the increased tensile strength of the joint.

At a tensile stress range of 611, 646, and 674 MPa, respectively, the entire welded sample broke
from the joint during the testing with a corresponding percentage elongation of about 39%, 43%,
and 54%, respectively. During the tensile testing, failures at the weldment were due to the low strength
of the welds due to their slightly increased hardness. The welded specimens and the base metal
had similar tensile properties only that the ductility of the welded joint was somewhat lower when
compared to that of the base metal because of the decreased amount of austenite in the welded joint
as compared to the base metal. An increased Cr/Ni ratio resulted in the presence of ferrite in the
solidified weld region and consequently increased the tensile strength of the weld material [67].

It is worthy to note that despite the higher volume of austenite in this study, an increase in the
heat input did not significantly affect the tensile elongation of the laser welded joint which was likely
due to the larger size of the fusion zone with a higher heat input. In other words, the decrease in
the tensile elongation because of the fusion zone size was more than the austenite volume effect on
increasing the tensile elongation.

4. Conclusions

Detailed experiments were carried out under diverse process environments, and based on the
microstructural studies using OM, SEM, and EDS the following conclusions are made:

o  Fiber-laser welding was effectively employed to produce austenitic-duplex stainless steels weldments.

o  Weld bead profiles and hardness can be articulated in terms of the method parameters.

e The mechanical properties of the produced DSS-ASS joints were better when compared to that of
the base metals due to the small HAZ that resulted from the laser welding and the advantageous
effect of rapid solidification in the fusion zone.

e Using fiber-laser welding in the austenitic-duplex steel joint significantly increased the
microhardness, largely because of the presence of ferrite structures. High heat inputs resulted in
coarse grain size formation and a decrease in the microhardness values.

e In the 2205-304 joints, regions with a fully austenitic solidification mode were prone to
solidification cracking.

e  The welded joints had an average tensile strength of 611, 643, and 674 MPa, respectively, all
satisfying the tensile strength requirements for engineering structures.

e  From the SEM results, the presence of micro-voids and dimples confirmed the ductile mode
of fracture.

e The small HAZ and the beneficial effects of rapid solidification in the fusion zone were demonstrated
in the improved mechanical properties of the laser welds. The fusion zone microstructure demands
further investigations using TEM. Also, there is a need to conduct a detailed study on the fractures
behaviour and welding defects of dissimilar jointed materials.
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Abstract: A new type of high temperature titanium alloy, BTi-6431S, has recently become the focus of
attention as a potential material for aircraft engine applications, which could be used up to 700 °C.
Pulsed laser welding was used to butt join the BTi-6431S titanium alloy in order to understand the
feasibility of using fusion-based welding techniques on this material. The effect of laser energy on the
microstructure and mechanical properties of the joints was investigated. The microstructural features
of the joints were characterized by means of microscopy and X-ray diffraction. Tensile testing was
conducted at both room temperature and high temperature to simulate potential service conditions.
The results show that the microstructure of the laser welded joints consists of primary « phase and
needle o’ phase, while the microstructure of the heat affected zone consists of «, 3, and needle
o phases. The tensile strength of the welded joints at room temperature was similar to that of
the base material, despite a reduction in the maximum elongation was observed. This was related
to the unfavorable microstructure in the welded joints. Nonetheless, based on these results, it is
suggested that laser welding is a promising joining technique for the new BTi-6431S titanium alloy
for aerospace applications.

Keywords: high temperature titanium alloy; laser welding; microstructure; mechanical properties;
BTi-6431S

1. Introduction

Titanium alloys are widely used in the aerospace field to manufacture important structures which
are used at high temperatures and /or under complex stress states, due to unarguable properties such
as excellent corrosion resistance, high specific mechanical resistance, and excellent high temperature
performance [1,2]. However, with the development of high performance flying technology, more strict
requirements are put forward for the performance of titanium alloys in the aerospace field [3]. The need
for improved fatigue resistance, mass reduction, and corrosion resistance in the aircraft industry has
raised interest in using titanium alloys with higher specific strength to replace stainless steels and
other high temperature alloys in some structural and mechanical parts [4,5].

Many studies have been performed to investigate the welding performance of titanium alloys. It is
reported that tungsten inert gas (TIG) welding of Ti-6Al-4V alloy plates resulted in the highest impact
strength as compared to laser and electron beam welding [6]. Gao et al. [7] found that for welding thin sheets
of titanium alloys, TIG welding led to higher residual distortions and a coarse microstructure. Laser welding
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can be considerably adaptable for joining titanium alloys in large size and complex structures. Such a
joining technique has recently been increasing in popularity as one of the preferred welding methods for
most critical titanium components in the aerospace industry [8,9]. Nd:YAG pulsed laser beam welding is
an advanced joining process in which melting and solidification of the weld zone takes place after each
pulse by a more dense heat source [10]. Squillace et al. investigated the conduction and keyhole regime
based on heat input range of Nd:YAG laser beam welding and concluded that weld morphology was
highly dependent on the welding regime [11]. Campanelli et al. [12] studied the effect of laser welding
parameters on Ti6Al4V alloy and found out that the tensile strength of the joints was of 80% of that of the
base material, with fracture occurring in a brittle way, suggesting the need for a post-weld heat treatment
to be applied on the welds. Shen et al. [13] applied laser beam welding to weld dissimilar titanium alloys,
and the effect of laser beam offset on microstructural characterizations and mechanical properties of the
joints were investigated. If proper welding procedures are found to effective join titanium alloys so that
the joint achieves the desired properties, it can also result in the efficient utilization of materials and save
on expenditure.

In general, welding of Ti alloys can be associated with some metallurgical problems. For example,
in TIG welding Ti6246 alloys, the elongation of the weld metal is reported to be of only 0.4% [14].
This weld brittleness is related to the formation of brittle phases, precipitation of hard and brittle
particles, and formation of hydrides in the weld metal [11,13,15]. Similarly, in laser welded Ti-6Al-4V,
an o + 3 titanium alloy, it is reported that the hardness in the weld zone is 140 HV higher than that of the
base material [16]. This increase in the weld hardness is related to the formation of secondary martensite
due to the high cooling rates upon weld metal solidification [9,11]. Similar metallurgical problems are
experienced when performing dissimilar welding of Ti-based alloys to other materials [17].

Recently, a new type of Ti-Al-Sn-Zr-Mo-Nb-W-Si series high temperature titanium alloy, named
BTi-6431S, has become the focus of attention as a potential material for aircraft engine applications
which could be used up to 700 °C [18]. It can meet the current high-speed aircraft demand for harsh
working conditions, with broad application prospects. Until now, there has only been limited research
on the microstructure, mechanical properties, and superplastic forming technology of the BTi-6431S
alloy, with reports on the welding performance of this titanium alloy being scarce [13,18,19]. In this
study, the effect of laser welding on the high temperature titanium alloy BTi-6431S was investigated.
The microstructure and mechanical properties of the laser welded joint were analyzed and tested,
providing a theoretical basis and experimental data for its application in future aircraft structures.

2. Materials and Experiments

The BTi-6431S titanium alloy sheets utilized for the laser welding were 200 mm x 100 mm X 2.2 mm.
The chemical composition of the base material is listed in Table 1, in weight percentage. Prior to welding,
the oxide film on the surface of each work piece was removed using a specific acid solution (4 mL hydrofluoric
acid, 10 mL nitric acid, and 86 mL distilled water). The specimens were cleaned with acetone and ethanol,
and subsequently dried.

Table 1. Chemical composition of BTi-6431S high temperature titanium alloy (wt %).

Ti C Si Mo N o Zr Nb Sn w Al H Fe
Bal.  0.0077 <0.1 126 0.0039 0.068 294 112 3.21 0.47 6.28  0.0052 0.018

Welding was performed using a Trump HL 4006D laser (TRUMPF Co. Ltd., Ditzingen, Germany)
with a wavelength of 1.064 nm. The welding parameters use to perform similar butt joining of the
BTi-6431S titanium alloy are depicted in Table 2.
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Table 2. Laser welding parameters used to join the BTi-6431S titanium alloy.

Welding Parameters

Base power (W) 850
Peak power (W) 1600
Pulse duration (ms) 20
Duty ratio (%) 50
Welding speed (mm/min) 1500
Focal length (mm) 120
Focal position (mm) 0
Spot diameter (um) 400

After welding, cross sections of the joints were prepared for metallographic observation.
The microstructural characterization was performed by optical microscopy using an Olympus PMG3
(Olympus Corporation, Tokyo, Japan). X-ray diffraction (XRD) was performed to determine the
phases present in the base material and weld regions using a Philips XRD system (Royal Dutch Philips
Electronics Ltd., Amsterdam, The Netherlands) operating at 40 kV and 30 mA equipped with a Cu
source, which is used as line 0.05° of step size in 26 and 2 s/step. To examine the variation in the
chemical composition across the weld, electron microprobe analysis (EPMA) was performed on the
as-polished samples using a JEOL 733 SuperProbe (JEOL Ltd., Tokyo, Japan) operating at 10 kV and
50 nA. A micro-hardness profile across the weld beads of the welded coupons was obtained using a
Leco® Microhardness Tester LM248AT (LECO Corporation, Saint Joseph, MO, USA). All the hardness
readings were obtained using a load of 500 g with a dwell time of 15s.

Wire electrodischarge machining (WEDM), abrasive waterjet (AW]), or laser cutting could be
alternative processes to conventional milling to produce tensile test specimens. These processes have
the advantage of being extensively used in the sheet metal forming industry, whose effect on tensile
strength were lower than 5% [20]. For mechanical characterization of the welded joints, dog-bone
shaped specimens were prepared after WEDM (6 mm/min, 0.18 mm Mo wire, V4 =80V, =3 A)
with dimensions depicted in Figure 1. Tensile tests were performed at room temperature and at
650 °C following the ASTM E8-13a standard. A 30 kN Instron 5582 universal tensile testing machine
(Instron Corporation, Norwood, MA, USA) using a travel speed of 2 mm/min was used. The tensile
testing direction was perpendicular to the weld interface and the welded region was located in the
center of the dog-bone specimens. The maximum stress and strain of the samples were recorded.
The base material was also tested at both room and high temperature for comparison of the effect of
laser welding on the mechanical properties. Following the tensile experiments, the fracture surfaces of
the specimens were investigated by scanning electron microscope (SEM) using a Zeiss Supra 55 SEM
(Zeiss Group, Heidenheim, Germany).
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Figure 1. Dimensions of the dog-bone specimens used for tensile testing: (a) sample design for room
temperature testing; (b) sample design for high temperature testing. (Unit: mm).
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3. Appearance of Welded Joints

3.1. Appearance of Welded Joints

Figure 2a,b exhibits the appearance of the face and root of the welded joints. It can be observed
that the bead formations were uniform with a bright silver color, which indicates that the surfaces of
the weld were not contaminated by oxygen, nitrogen, or carbon. However, the surfaces of the joints
were slightly concave and misaligned as observed in Figure 2c.

= = = = = Micro-hardness ——— EPMA analysis

Figure 2. Appearance of BTi-6431S laser welding joint: (a) face of the welded joint; (b) root of the
welded joint; (c) macro view of the surface of weld with indication of the location of the microhardness
and EPMA testing.

3.2. Microstructural Characterization

The microstructure of the BTi-6431S titanium alloy base material consisted of the 3 phase which
was distributed at the elongated « grain boundaries (shown in Figure 3). This microstructure resulted
in the dislocation plug product in the phase boundaries, which could improve the materials toughness,
creep resistance, and creep rupture strength at high temperatures, especially for aircraft engine
application [21].

The overall morphology of the laser welded joints can be depicted in Figure 4a. The laser welded
joint consisted of four zones, which were weld zone (WZ), high temperature heat effect zone (H-HAZ),
low temperature heat effect (L-HAZ), and base material (BM).

Some pores were identified in the fusion zone of the welded joint. Several factors may explain the
presence of pores: keyhole instability, pre-existence of pores in the base material and poor shielding
conditions [22,23]. The weld zone was a typical basket weave pattern (Figure 4b). A large amount of
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primary acicular structures was uniformly distributed in the x-phase substrate. It has been illustrated
that the main phase present in the weld zone was the « phase, as identified by XRD analysis (Figure 4c).
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Figure 3. Microstructure and phase composition of base metal: (a) optical microscopy; (b) X-ray
diffraction pattern.

The microstructural transformations of the welded joint primarily depends on the initial
microstructure of the base metal and the temperature cycle experienced during the welding process.
The key aspects of the temperature cycle include the heating rate, maximum heating temperature,
the dwelling time at high temperature, and the cooling rate [24]. During the welding process, the liquid
metal within the weld initially crystallized to form the 3 phase. During the subsequent cooling
process, owing to the rapid cooling rate, part of the 3 phase could not transform into the « phase
through atomic diffusion, and it mainly transformed into «’ martensite via shear transformation.
The shear transformation mode depends on the regular short-range migration of the atoms in the 3
phase [25]. For titanium-based alloys [26-28], the starting and finish temperatures of the martensite
transformation depends on the chemical composition of the alloy. In general, as the amount of
the 3 stabilizer elements increases, there is a greater resistance for the phase transition required
for lattice reconfiguration. Therefore, a higher degree of supercooling was required for the phase
transformation, and the martensite start transition temperature reduced. Additionally, for Ti-based
alloys, diffusion-controlled transformations are favored for slow cooling rates, whereas high cooling
rates as those found in laser welding favor the shear transformation [29]. As such, part of the 3 phase
transformed into the o’ phase. Zhang et al. [30] demonstrated that the 3 phase stabilizer elements did
not only enrich the 3 phase but also reduced the amount of &’ martensite. As shown in Figure 4c,
the XRD results demonstrated that only the diffraction peaks corresponding to the o phase could
be observed. As both «” martensite and acicular « exhibited a hexagonal structure and their lattice
constants were similar, there was a superimposition of the diffraction peaks of both the oc and «” phases,
thus preventing identification of both phases through this technique.

As the distance from the boundary of the fusion zone increased, the maximum temperature and
cooling rate decreased. The distinct HAZ microstructural features are mainly due to the different
weld thermal cycles. The optical micrograph in Figure 4a demonstrates that the grain size increased
in the high temperature heat affected zone (H-HAZ) towards the low temperature heat affected
zone (L-HAZ) and that the microstructure mainly consisted of acicular « and martensite «” in the
H-HAZ. This was mainly because the peak heating temperature is assumed to be higher than the
f transition temperature and that the o phase completely transformed into the  phase during the
welding process [13]. During the subsequent cooling process, the  phase transformed into acicular o
and martensite & as a result of the rapid cooling rate. However, the cooling rate was still slower than
that of the WZ and the amount of martensite o” in the H-HAZ was less than that in the WZ.
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Figure 4. Macro and microstructure of joint and X-ray diffraction pattern: (a) macrostructure; (b) microstructure of
the welded region; (c) X-ray diffraction pattern of the welded region; (d) microstructure of high temperature heat
affected zone; (e) microstructure of low temperature heat affected zone.

The L-HAZ extends from a position where the weld thermal cycle has no observable effect on the
original microstructure to a position where the temperature is lower than the {3 transition temperature.
The microstructure of the L-HAZ differed from the microstructure adjacent to the fusion line where
the temperature was above the 3 phase transition temperature (H-HAZ). Figure 4e showed that the
microstructure in the L-HAZ mainly consisted of a mixture of secondary «’, primary «, and prior 3
phase. In the L-HAZ, as the distance between the base metal and the fusion line decreased, the prior 3
phase gradually transformed into the secondary «’ phase. This was mainly because of the peak heating
temperature, which is assumed to be lower than the {3 transition temperature and that the temperature
of the L-HAZ reached the zone of the « and (3 phase transition temperature [31,32]. As the temperature
in the L-HAZ was not high enough and the retention time was not long enough, the microstructure
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consisted of o and 3 phase under a high temperature and there was still a significant amount of
primary « phase retained. In the subsequent cooling process, transformation of the « phase did not
occur, and the secondary o phase formed at the grain boundaries and grain interiors of the 3 phase.
Thus, the microstructure of the L-HAZ exhibited a mixture of secondary «’, primary «, and prior 3
phase. The temperature increases as the distance from the fusion line decreases. Therefore, the closer
to the fusion line, the more prior 3 phase would transfer into the secondary «’ phase during the
subsequent cooling process.

The chemical composition variation along the welded joint of major alloying elements in the fusion
zone of BTi-6431S, determined by EPMA, are presented in Figure 5. It can be observed that the distribution
of Al, Nb, Sn, Zr, and Mo from the fusion zone to the base material does not change significantly. This is a
sign of a sound weld since losing alloying elements during welding in the fusion zone due to evaporation
is not desirable due to possible detrimental effects on the mechanical properties of the joint. For Al, Nb, Zr,
and Mo there are slight fluctuations (about 8%) in the distribution of these alloying elements in the L-HAZ
and BM regions. This can be explained in terms of the presence of cc and (3 phases in both the L-HAZ and
BM. Indeed, due to a small testing zone (about 5 pm) and coarser « and { sizes, depending on whether
the measurement location was on « or (3 phase, a different chemical composition was measured as these
alloying elements have different affinities for o and 3 phases [33].

H-HAZ H-HAZ
71 QM LHAZL| sle wz ;L‘ 1-!-HAJZ BM
| | | | | ml
6 LA PTTT Y L L L
— | | | | | I
X I [ | [ mn Al
= 57 bl oo e Nb
s R Pl A Sn
34 e el LT
8 | | xx‘ *
a AAgy! vA X Y WY ¢ Mo
R A
R N P
E Lai 388808 4!
2] t:oz':z? M A 1At
o1 Pl
0 N | NI [

-2.5 -20 -15 -10 -05 00 05 1.0 15 20 25
Distance from weld center [mm]

Figure 5. Chemical composition of BTi-6431S laser weld joint.

3.3. Mechanical Properties of the Joints

In order to map the variation in the mechanical properties across the weld, microhardness
measurements were performed. The variation in the microhardness across the material is plotted in
Figure 6. It can be seen that by moving from the BM toward the L-HAZ and H-HAZ the hardness
increases in the welded specimen. For the BM, the hardness varies from 351 to 364 HV. This small
variation can be related to the indent size and &/ 3 size. The average indent diameter was 24 um while
o and P had the respective size of 32.5 + 15.3 ym and 12.7 = 5.3 um as determined by digital image
analysis taking as reference the microstructure of the base material depicted in Figure 3a. Therefore,
hardness can be measured either mostly on the 3 phase, or partly on « and partly on (3. Since {3 is softer
and more ductile than «, there will be some variation in the measured hardness of the base material.
In contrast, in the weld zone the microstructure was uniform which increased the hardness values
to 412 + 4 HV with « and secondary «’ phases as previously presented. Additionally, an increased
amount of harder acicular martensite « resulted in a significantly higher hardness than the BM. In the
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WZ, it is noted that a small kink in the hardness peak leading two micro-hardness peaks was observed.
Also, the variation in the hardness in along the WZ is not significant. In the H-HAZ, closer to WZ,
more martensite o is formed due to a higher peak temperature. The increasing amount of o’ from
the base material /heat affected zone interface towards the fusion boundary justifies the increasing
hardness observed in Figure 6. Almost a symmetric hardness profile was observed for the two sides of
the weld centerline. The observed symmetry in the microhardness profiles with respect to the weld
centerline indicates that the two weld parts are affected thermally almost in the same way.
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Figure 6. Microhardness profile along the cross section of the laser welded joint.

A summary of the results of the tensile tests conducted at room temperature for welded specimens
and base material are depicted in Table 3. The tensile strength for the welds was determined from three
dog-bone tensile samples extracted from the laser welded sheet. At room temperature, the average
ultimate tensile strength (UTS) was 1050 MPa, the average elongation was 4.9% and the yield
strength (YS) is 993 MPa. One must be aware that the tensile properties of a given sample specimen
may be dependent on the methodology used to obtain it, as described in the literature [20,34,35].
However, since the same process was used for all test specimens any potential detrimental effect is
diluted within the test itself.

Fracture of the welded joint occurred in the heat affected zone. Compared to the base material,
the tensile strength is nearly the same, while the elongation is decreased significantly. According
to [36], the strength of the existing phases demonstrates the following order: &’ > o > 3. Additionally,
o possesses very high hardness and low ductility and toughness [37]. The microstructure of the fusion
zone consisted of martensite o’ and a slender acicular « phase, whereas the microstructure of the heat
affected zone consisted of acicular « phase, &’ martensite, and 3 phase. The combination of coarse
grain size, presence of o’ martensite, and sharp hardness variation promoted fracture in the heat
affected zone of the joints. The equiaxed morphology of the grains in the base material in terms of its
mechanical properties is better than the microstructure which composes the heat affected and fusion
zones. The present of coarse grain structures and phases with very distinct mechanical properties,
may cause localized deformation during tensile testing and therefore premature rupture in one of these
regions may occur. When the sample is tensile loaded, the dislocations are able to pile up between
the oc and 3 phases, which could prevent the micro-cracks initiation-extension and present better
toughness than the welds [38]. The tensile results were consistent with the microstructural distribution
of the welded joints, and it suggested that the post-weld heat treatment (PWHT) can improve the
mechanical properties in brittle Ti alloy welds [18]. Additionally, it was reported that when welding
Ti-Al alloys as the one used in this investigation, careful control of the welding parameters is necessary
to obtain a sound joint [39,40].
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Table 3. Summary of the mechanical testing performed on the welded specimens and base material at
room temperature (RT) and 650 °C. For the base material the average results presented are based on a
total of three samples tested at both temperatures.

Mechanical

. Sample Reference ~ Temperature (°C)  UTS (MPa) YS (MPa) Elongation (%)  Fracture Location
Testing Summary

wi RT 1072 988 5.1 HAZ
W2 RT 1040 1002 48 HAZ
Welded specimens w3 RT 1045 991 5.0 HAZ
W4 650 776 683 44 HAZ
W5 650 755 672 42 HAZ
W6 650 765 681 45 HAZ

) BM1 RT 1060 +15 982+ 13 165+ 0.3 -

Base material BM2 650 890 + 17 824 + 16 132405 -

When the tensile tests were performed at 650 °C, the yield strength and tensile strength drastically
decreases to approximately 679 MPa and 765 MPa (about 82% and 86% of that of the base material at the
same testing temperature), respectively. However, no significant reduction in the elongation of the welded
joints tested at room and high temperature was observed. It should be noted, however, that the BTi-6431S
laser weld could still support significant loads at high temperature, which is of significant importance for
aircraft engine design using this new material. Similar to what was observed on the room temperature
tensile tests, all the welded specimens fractured in the heat affected zone with evidence of necking and it
could be observed that the surfaces were oriented at 45° from the tensile axis.

Figure 7 depicts the fracture surfaces of the welded specimens in the tensile testing at room
temperature and 650 °C. The fracture surfaces demonstrated that the failure was mixed mode
combining brittle and ductile features for the samples tested at room temperature. It was observed
from the SEM analysis that the fracture surface tends to be mainly intergranular, and there are still
some small and shallow dimples (ranging between 5 and 10 pm in size) which were shown in Figure 7c.
Some of the pores that were observed in the microstructural observation performed using optical
microscopy can also be observed in the fracture surface of the welded joint.

" —c

Figure 7. Fracture surface of welded joints: (a) fracture surface after tensile test performed at room
temperature; (b) fracture surface after tensile test performed at 650 °C; (c) high magnification of the red
box in (a); (d) high magnification of the red box in (b).
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4. Conclusions

The quality of the laser welded BTi-6431S titanium alloy sheet in terms of tensile properties,

microhardness, chemical composition distribution, and microstructure in the as-welded condition was
investigated. The following conclusion can be drawn:

1.

The base material microstructure of the BTi-6431S high temperature titanium alloy consisted of
long strip and equiaxed « phases, with a small amount of 3 phase distributed between the o
phase. The welded region was composed of primary « phase and a significant amount of acicular
o phase, showing basket weave pattern which resulted from the high degree of supercooling
during the laser welding process. The microstructure in heat affected zone contained primary o
phase, a small amount of 3 phase, and acicular o phase.

The microhardness values of the weld zone and heat affected zone were higher than that of base
metal. This was due to the fast cooling rate during the laser welding process, resulting in a large
amount of «’ martensitic phase distributed in the weld zone and the heat affected zone near the
fusion line.

In this experiment, the tensile strength of the welded joint at room temperature was basically
equivalent to the base metal due to the high strength phase distribution and nearly unchanged
chemical composition. The tensile strength at high temperature decreased to about 765 MPa
which tends to be mainly cleavage fracture with some dimples. The plasticity of the joint was
obviously lower than that of the parent metal, and the elongation was about 5%. This was related
to the formation of «” martensite in both the heat affected and fusion zone. All the specimens
fractured in the heat affected zone with evidence of necking and it could be observed that the
surfaces were oriented at 45° with the tensile axis.
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Abstract: Dissimilar Al/steel butt joints of 6.0 mm thick plates have been achieved using fiber laser
keyhole welding autogenously. The cross sections, interface microstructures, hardness and tensile
properties of Al/steel butt joints obtained under different travel speeds and laser beam offsets were
investigated. The phase morphology and thickness of the intermetallic compound (IMC) layers at
the interface were analyzed by scanning electronic microscopes (SEM) using the energy-dispersive
spectrometry (EDS) and electron back-scattered diffraction (EBSD) techniques. The results show that
travel speeds and laser beam offsets are of considerable importance for the weld shape, morphology
and thickness of IMC layers, and ultimate tensile strength (UTS) of Al/steel butt joints. This proves
that the IMC layers consist of Fe; Al5 phases and FeyAlj3 phases by EBSD phase mapping. Increasing
laser beam offsets from 0.3 mm to 0.7 mm significantly decreases the quantity of FeyAl;3 phases
and the thickness of Fe,Als layers at the interface. During tensile processing, the Fe;Als layer with
the weakest bonding strength is the most brittle region at the interface. However, an intergranular
fracture that occurred at Fe; Als layers leads to a relatively high UTS of Al/steel butt joints.

Keywords: Al/steel joints; laser keyhole welding; IMC layers; tensile properties; EBSD
phase mapping

1. Introduction

Dissimilar joining of Al/steel joints has become increasingly significant in industrial applications
with a particular weight-saving interest [1,2]. Although research on joining dissimilar steel/ Al alloy
joints with fusion-based welding processes is extensive, most previous studies have been focused on
lapped joints or overlap joints of less than 2 mm thick sheets for automotive applications [2,3]. In recent
years, the development of fast-speed vessels requires improved solutions to the dissimilar joining of Al
alloy superstructures to the steel hull for achieving weight reduction in the shipbuilding industry [4,5].
Thus, the dissimilar joining of thick Al/steel joints has received considerable attention in shipbuilding
applications [6]. In general, an explosive Al/steel transition joint is used in the shipyard for the
dissimilar joining of Al/steel joints. However, the cost of the transition joints bonded by explosive
welding is high due to the complex manufacturing process [4,5,7]. Therefore, it is highly important to
develop new welding process for dissimilar joining Al/steel joints directly.

It is well known that dissimilar joining Al/steel joints is extremely challenging due to the huge
disparity in thermal-physical properties between steels and Al alloys [4,8,9]. One of the main issues
associated with welding Al/steel joints is the formation of thick intermetallic compound (IMC) layers
at the interface [10,11]. While the IMC layer is necessary for achieving a reliable Al/steel joint,
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the brittleness of Al/steel joints is increased and the mechanical property is reduced if the IMC layer
thickness is beyond a certain range [12,13]. The key to improving the mechanical properties of the joints
is to control the formation of IMCs and limit IMCs thickness within 10 um [14]. Therefore, considerable
effort has been put into inhibiting the growth of IMC layers at the interface of Al/steel joints. The results
show that welding processes allowing precise control to potentially minimize heat input (by an
optimization of process parameters) are required to obtain thin IMC layers [15,16]. In view of this,
a laser is regarded as a desirable heating source for joining dissimilar steel to Al alloys because of its
characteristics of high power density, low welding heat input, and precise control of the location of
laser focus, etc., which allow better control of the IMC layer thickness at the interface [7,17,18].

Some work has been reported on the laser welding-brazing process for dissimilar steel /Al alloy
joining. During the welding, metals with a low melting point (e.g., Al alloy) and the filler wire are
melted by laser or a laser-arc hybrid heating source, while metals with a high melting point (e.g., steel)
is brazed by the molten metal in the solid state [1,16,17]. Thus, the resulted joint has dual characteristics:
it is a welded joint on the low melting point metal side and a brazed joint on the high melting point
metal side [19]. Compared to the fusion-welding processes, this process is effective for limiting the
mixture of the dissimilar molten metal and inhibiting the formation of brittle IMCs at the interface.
However, it is inefficient when the laser is irradiated at the low melting point Al alloy side, because Al
has a high reflectivity for lasers. In addition, using laser welding-brazing can achieve an acceptable
steel/ Al alloy joint, but the wettability is not good when liquid Al alloy meets the solid steel. So the
addition of flux, coating or other methods is usually applied to improve wettability [14,18,20,21].

Laser keyhole welding is one of the most widely used of the various laser-welding processes in
dissimilar joints. With the laser keyhole-welding technique, rather good mechanical properties were
obtained by irradiating steels placed on Al sheets, and limiting Al to steels mixed with a reduced
steel penetration in Al alloys [8]. This indicates that the laser keyhole welding process was mainly
used to lapped or overlapped joints [12,13,15,22-24]. It can be, but rarely is, used for welding Al/steel
butt joints requiring accurate groove preparations, flux and filler wires [24-27]. Although the use
of filler wires or flux leads to some improvement in the joint properties, laser welding with filler
materials has usually been considered too difficult for industrial applications because there are too
many parameters and the requirements for wire positioning are too stringent [28], thereby reducing
efficiency and productivity. Thus, the possibility to work in autogenous laser keyhole welding is of
important technological interest, as it allows a reduction of the time taken in joint preparation and has
fewer parameters to control, making it easier to obtain reproducible and stable results [29].

In the present study, an autogenous laser keyhole welding process was introduced to join 6 mm
thick steel to Al alloy plates in a butt configuration. The primary objective of this work was to
understand the influences of travel speeds and laser beam offsets on the weld shapes, the IMC layers
and ultimate tensile strength (UTS) of Al/steel butt joints. Using electron back-scattered diffraction
(EBSD) phase mapping, the phase identification and the fracture behavior of IMC layers at the interface
were investigated. Based on microstructual and tensile testing, correlations between the processing
parameters, IMC layers, and the UTS of Al/steel butt joints were established.

2. Materials and Methods

The materials studied in the present work were 6 mm thick 5083 alloy and Q235 low carbon
steel plates arranged in a butt configuration, and their nominal compositions are shown in Table 1.
Before welding, the oxides on the surface of the aluminum alloy sheet were removed with abrasive
paper, and then the surface of the aluminum alloy and steel plates were cleaned with acetone to remove
grease and residue. With particular attention to the butt joint, the Al and steel plate edges of the
butt joint were also ground, brushed using a stainless steel wire brush, and cleaned thoroughly with
ethanol in order to remove the oxide layer in the welding gap.
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Table 1. Nominal composition of Q235steel and AA5083 alloy (wt %).

Materials  Si Mn S P Cr Ni Cu C Fe Mg Zn Ti  Other Al
Q235 <035 0.3~0.7 <0.045 <0.045 <0.30 <030 <030 <0.2 Base - - - -
5083 <040 04~1.0 0.05~0.25 <0.10 04 40~49 025 <0.15 0.15 Bal.

The autogenous laser keyhole welding was carried out by a 6 kW YLR-6000 fiber laser (IPG
Photonics, Oxford, MA, USA) with an emission wavelength of 1.07 um delivering in continuous wave
mode through an output fiber core diameter of 100 um. The laser beam was transmitted through a
processing fiber with a diameter of 300 pum, collimated by a lens of 150 mm focal length, and then
focused on the materials by a focusing lens with 200 mm focal length. Accordingly, the spot size
of focused laser beam was approximately 0.3 mm when the beam-defocused distance was 0 mm.
Throughout the experiments, the primary and back-shielding gas, using ultrahigh purity argon gas,
was supplied at flow rates of 15 L/min.

The schematic illustration of the welding setup and the principle of laser keyhole-welded Al/steel
butt joints is presented in Figure 1. During welding, the focused laser beam was directed onto
the steel plate to generate a keyhole, and the solidification of the welding pool formed a weld
penetration. Important process parameters for laser keyhole welding affected the weld shapes,
including laser power (P), travel speed (v), defocused distance (f), and laser beam offset (Ad). P and v
are generally important process variables affecting the heat input, as in regular arc welding. Ad refers
to the distance from the laser focus to the interface illustrated in Figure 1b, and is an important
parameter only in laser welding, which also controls the welding thermal cycles and cooling rates at
the interface [24,30,31]. As a result, the process parameters of Ad and v were considered for studying the
process parameter influence upon the laser keyhole welded Al/steel butt joints. Thus, Ad = 0.3-0.7 mm
and v =0.6-1.2 m/min were varied discretely under the constant conditions of P =3.25kW and
f=0mm.

(@) (b)
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Laser beam offset

Laser beam
Ar gas

Welding direction weld metal of steel

Al alloy HAZ
Steel HAZ

5083 Al alloy Q235 steel

IMC

-
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>

Al allo
b weld metal of Al alloy

Figure 1. Schematic illustration of laser keyhole welding of Al/steel butt joints: (a) welding setup;
(b) principle of laser keyhole welding.

The quality of welded joints is significantly affected by the defects generated in the process
of welding dissimilar materials. Thus, after welding, the welding quality was evaluated according
to the Chinese welding procedure qualification code DL/T868-2004 and the international standard
EN ISO 6520-1 for dissimilar welded joints. An acceptable joint is one in which the weld ripples,
the weld width is uniform, and the weld surface should have no visible porosity or hot cracking.
Also, there should be no excessive asymmetry or top and root concavity. After the weld surface was
checked, X-ray inspection was performed, and the determined quality should be less than grade
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II. Then, the acceptable Al/steel butt joints were cut by electro-discharge machining, and this was
followed by grinding, polishing and etching. Keller’s reagent and Nital acid were used for etching
the Al alloys and steels, respectively. The weld appearance and cross-sections were examined using a
BX51M optical microscope (Olympus, Tokyo, Japan). The top width (W;) and bottom width (W;) of
the weld formed in the steel side, and the area (S) of the heat-affected zone (HAZ) formed in the Al
alloy side, were used to evaluate the weld shapes of the Al/steel butt joints, as illustrated in Figure 2.

/ W

Al HAZ

—

Figure 2. Diagram of dimensions of the weld cross section in the Al/steel butt joints.

Vickers microhardness was measured using a HXD-10007 digital and intelligent micro-hardness
tester (Caikon, Shanghai, China) with a load of 100 N and 10 s holding time. For each value, the average
of five measurements was taken. Uniaxial transverse tensile tests of the Al/steel butt joints were carried
out in accordance with the GB/T 228-2002 and GB/T 2651-2001 standards at room temperature using
a MTS810 testing machine (MTS, Eden Prairie, MN, USA) operating with a load rate of 1 mm/min.
The average UTS value was determined by calculating three tensile specimens.

The IMC layers at the interface of the Al/steel butt joints were preliminarily examined using
scanning electron microscopy (SEM, FEI, Hillsboro, OR, USA) with a QUANTA FEG 650 equipped
with an energy-dispersive X-ray spectrometer (EDS). Then, EBSD phase mapping was examined in a
rectangular zone using a step size of 0.3 pm between two measurements in order to further identify the
IMC phases. The EBSD analysis was conducted by a Quanta FEI 650 SEM field emission gun operated
at 30 kV and 1.0 nm. The phases and thickness of the IMC layers were analyzed with the HKL-Channel
software package (Oxford Instruments, Witney, Oxon, UK). After tensile testing, the failed samples
were observed using the SEM and EBSD techniques to study the facture behavior of the IMC layers.

3. Results

3.1. Weld Appearance of Al/Steel Butt Joints

Figure 3 shows a representative weld appearance of an Al/steel butt joint under the conditions
of Ad = 0.6 mm, v = 1.0 m/min, P = 3250 W and f = 0 mm. It is obvious that the top and bottom
appearance of the weld are uniform, with regular ripples, except for a little irregularity in proximity to
the Al alloys. This means that a relatively acceptable weld appearance of Al/steel butt joints has been
achieved by the autogenous laser keyhole-welding process under the optimum welding conditions.
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Figure 3. Weld appearance of Al/steel butt joints produced by autogenous laser keyhole welding:
(a) top surface; (b) bottom surface.

3.2. Cross Sections of Al/Steel Butt Joints

Figure 4 shows the cross sections of the Al/steel butt joints obtained at different travel speeds
under the condition of Ad = 0.6 mm, P = 3.25 kW and f = 0 mm. For all the travel speeds, each weld is
fully penetrated in keyhole mode. The cross sections of the welds at a travel speed of 0.6 m/min and
0.8 m/min have a “champagne glass” shape, while the weld at 1.0 m/min has a “nail” tape. The welds
at 1.1 m/min and 1.2 m/min fall between the two types, with a hybrid of both “nail” and “champagne
glass” shapes. Thus, the travel speed plays a major role in forming the weld shape of Al/steel butt
joints. In addition, it is obvious that the weld width and weld area decrease rapidly as travel speed
increases from 0.6 m/min to 1.0 m/min. At slower travel speeds of 0.6 and 0.8 m/min, a relatively
large keyhole weld is generated due to the relatively high welding heat input compared with that of
1.0 m/min. As travel speeds increase from 1.0 to 1.2 m/min, although the amount of time that the
laser beam is over a particular zone along the joint is less [32], the resulting level of the top part of the
welds increases to some extent, whereas the middle part and bottom part of the welds have a relatively
regular interface, resulting in a welding-brazing Al/steel butt joint. Thus, the optimum travel speeds
for the best cross section obtained by laser keyhole welding is 1.0 and 1.1 m/min.

Figure 4. Effect of travel speeds on the cross-sections of Al/steel butt joints: (a) 0.6 m/min;
(b) 0.8 m/min; (c) 1.0 m/min; (d) 1.1 m/min; (e) 1.2 m/min.
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Figure 5 shows the cross sections of Al/steel butt joints obtained at different laser beam offsets
under the condition of v = 1.0 m/min, P = 3.25 kW and f = 0 mm. All the welds possess a similar “nail”
type penetration, meaning that the laser beam offsets have no obvious influence on the weld type of
Al/steel butt joints. Regarding the weld quality, at relatively low laser beam offsets of 0.3-0.5 mm,
the top surfaces of the welds are slightly concave, which is usually caused by excessive metallurgical
reactions resulting from the high welding heat input [31]. As the laser beam offset increases to
0.6 and 0.7 mm, the concavity of the welds is considerably reduced due to the decrease of the heat
input. In addition, at relatively low laser beam offsets of 0.3-0.4 mm, the interface boundary is
seriously uneven along the joint thickness because of the excessive metallurgical reactions happening
at the interface. When the laser beam offsets continuously increase to 0.6 and 0.7 mm, the excessive
metallurgical reaction of the interface is lessened. As a result, the acceptable laser beam offsets for laser
keyhole welding of Al/steel butt joints is 0.6 and 0.7 mm.
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Figure 5. Effect of laser beam offsets on the cross-sections of Al/steel butt joints: (a) 0.3 mm; (b) 0.4 mm;
(c) 0.5 mm; (d) 0.6 mm; (e) 0.7 mm.

However, the thermal cycle suffered at the interface from the top to the bottom of the joints is
different, because laser welding has a high temperature gradient of through-thickness, which induces
uneven distribution of reaction layer morphology, leading to different reaction modes. At the top
part of the steel /Al alloy joints, the interface generated an excessive metallurgical reaction showing
fusion joint characteristics as a result of the relatively high heat input. However, in some regions of
the interface, such as in the middle part, or the one close to the bottom, a relatively regular interface
line due to the reduced heat input is revealed. It is found that a narrow zone of solid steel HAZ is
formed between the fusion weld and the Al alloy, and the interfacial reaction mode is transformed
from fusion-melting to brazing, which proves that a welding-brazing butt joint has been obtained by
the keyhole laser welding process.

The effects of travel speeds and laser offsets on W1, Wy, S are illustrated in Figure 6. As shown
in Figure 6a, S decreases sharply from 6.84 to 3.42 mm? with the increase of travel speeds from 0.6 to
1.0 m/min, and decreases slowly from 2.76 to 2.10 mm? with increasing travel speeds from 1.1 to
1.2 m/min; indicating that S is decreased continuously with increasing travel speeds from 0.6 to
1.2 m/min. The decrease of S is due to the fact that the laser beam interacts with the steels for a shorter
period of time as travel speed increases [33], and thus less molten weld metal is produced, causing S to
decrease continuously. As shown in Figure 6b, the S decreases sharply from 4.56 to 2.64 mm?, and then
decreases slowly from 2.22 to 1.92 mm? with increasing laser offsets from 0.3 to 0.7 mm. The decrease
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of S with increasing laser beam offsets is due to the fact that the heat input at the interface is decreased
continuously with increasing laser beam offsets [9]. This indicates that the travel speeds and laser
beam offsets directly impact the molten zone of the Al alloy side, which contributes to the final weld
quality of the interface.
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Figure 6. Relationship between process parameters and weld width or the heat-affected zone (HAZ) of
the Al side: (a) travel speeds; (b) laser beam offsets. Blue color corresponds to HAZ; Black and red
color correspond to top width (W1) and bottom width (W) of the welds.

Concerning the weld width, the W; decreases sharply from 4.92 to 1.56 mm, and then increases
slowly from 1.81 to 2.44 mm, as travel speed increases from 0.6 to 1.2 m/min. The W, decreases
gradually from 2.34 to 0.97 mm with the increase of travel speeds from 0.6 to 1.0 m/min, and then
increases a little from 1.02 to 1.31 mm with the increase of travel speeds from 1.0 to 1.2 m/min.
This indicates that travel speed has a significant effect on Wy, but has less influence on W,. In the case
of laser beam offsets, W; decreases gradually from 2.47 to 1.67 mm and W, decreases a little from 1.5 to
1.0 mm, as the laser beam offsets increase from 0.3 to 0.7 mm, indicating that a varying laser beam
offset influences Wy and W, somewhat. Consequently, varying travel speeds and laser beam offsets
have a more pronounced effect on S than on weld width.

3.3. Microstructures of Al/Steel Joint

The typical cross section of an Al/steel joint with a laser beam offset 0.3 mm was observed and
analyzed. Several different zones shown in Figure 7a and the characteristics of each are discussed in
detail. Figure 7b,d,f presents an enlarged view of zones A, B and C as shown in Figure 7a. Figure 7b
shows the microstructure of the steel-fusion zone, steel HAZ and steel base metal, showing the variation
of grain morphology along with the decline of heat input. Figure 7c,e shows high-magnification
microstructures of steel fusion and steel HAZ, corresponding to zones marked by white dashes and red
dashes shown in Figure 7b, respectively. It can be noticed that the steel-fusion zone has a coarser lath
structure, which contains martensite microstructures after rapid cooling, while the steel HAZ consists
of granular bainite. Figure 7d shows an enlarged view of zone B shown in Figure 7a, and displays the
typical microstructure of a steel seam which is mainly composed of columnar crystal. Grain size is
from 100 to 200 um. Moreover, columnar crystal was nearly perpendicular to the fusion boundary,
which is induced by the higher cooling rate in this direction and the characteristic of the preferred
growth of crystallized grains [24].

Figure 7f displays an enlarged view of zone C shown in Figure 7a, revealing the microstructure of
the Al side of the Al/steel joint. It can be seen that the welding joint is formed between the molten
aluminum weld metal and local molten steel. IMC layers were produced along the Al/steel interface,
with broken IMC phases in the neighboring Al alloy weld metal. In this area, the changes of grain size
can be observed, which may confirm the fact that heat input affects the process of crystallization and
growth. Figure 7g shows the Al fusion zone marked by white dashes in Figure 7f. The microstructure
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of the base metal is very different to that of the fusion zone. The external Al fusion zones close to the
base metal (shown in Figure 7g), are characterized by dendritic growth, which corresponds to the
zones with higher solidification rates [34].

Figure 7. Cross-section microstructure of laser welding-brazing joint of aluminum and steel:
(a) cross section of joint; (b) enlarged zone A in (a); (c) enlarged zone marked by white dashes in
(b); (d) enlarged zone B in (a); (e) enlarged zone marked by red dashes in (b); (f) enlarged zone C in (a);
(g) enlarged zone marked by white dashes in (f).

3.4. Phase Identification of Intermetallic Compound (IMC) Layers

Figure 8 shows a back-scattered scanning electron (BSE) micrograph of a thick IMC layer at the
interface of Al/steel butt joints produced under the same conditions of Ad = 0.4 mm, P = 3.25 kW,
f=0mm and v = 1.0 m/min. It was found that the IMC layers were composed of a large needle-like
phase (“1”) dispersed in the Al alloy side, a compact lath structure (“2”) having a relatively smooth
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boundary adjacent to the steel side, and a fine serrated phase (“3”) grown from the “2” layer.
An elemental composition analysis from EDS was conducted on the location “1”, “2” and “3”, and the
results are shown in Figure 8. The composition of location “1” is 77.09 at % Al and 22.91 at % Fe,
which is similar to that of location “3”, and the one for location “2” is 72.81 at % Al and 27.19 at % Fe.
Compared to the measured composition with the Fe—Al phase diagram, the compositions of location
“1” and “3"” are in accordance with FeAls, and the location “2” can be the Fe; Als phase. Therefore, EDS
analysis shows that the IMC layers at the interface consists of FeAls and Fe; Al; phases. Concerning
the formation sequence and phase growth, some references have shown that the Fe, Als would be
formed first. An indication that the Fe;Als is the phase that is formed first is its wavy interface towards
the FeAls, which indicates in a binary system that it was a former interface between a liquid and a
solid, while the straight interface of the Fe;Als on the steel side indicates solid-state diffusion [35].
A further indication of the prior formation of the Fe, Al is the fact that each Fe, Als grain is a direct
neighbor of several FeAls grains, thus it appears likely that the FeAl; nucleated at the interface of the
already formed Fe, Als [36].
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Figure 8. Back-scattered scanning electron (BSE) micrograph and energy dispersive spectrometry (EDS)
analysis result of intermetallic compound (IMC) layers at the interface.

An interface region including the Al alloy, IMC layers and steel base metal was measured using
EBSD phase mapping to obtain statistically significant phase information formed at the steel/Al
alloy butt joints, as shown in Figure 9. The phase type of the IMC layers was accurately determined
by Kikuchi patterns and the lattice constants using EBSD phase mapping performed at a selected
rectangular zone near the middle part (plotted in Figure 5) of the Al/steel butt joints. The colors in
phase mapping is based on a color-coded legend, in which the red, yellow, blue and green correspond
to the «-Fe, x-Al, FepAls, and FeyAlj3 phases, respectively. As shown in Table 2, the Fe4Aly3 phase had
a monoclinic unit cell with a = 15.49 A, b=28.08 A, c=12.48 A, and 3 = 107.72°, and the Fe, Al5 phase
had an orthorhombic crystal with lattice constants of a = 7.66 A, b=642A,c=422 A, and B =90°,
which is consistent with that of the previous studies [25,37]. Note that the FeyAl3 phase here was
the same as the equilibrium FeAl; phase identified by preliminary EDS analysis. Figure 8 displays
EBSD phase mapping of the IMC layers at the interface for the Al/steel butt joints obtained at a laser
beam offset of 0.3 mm. According to Table 2 and Figure 8, the needle-like, serrated Fe;Al;3 phase
and lath Fe,Als phases were formed at the interface, which agrees with the early results obtained by
Dybkov [38] and Shi et al. [37]. They have proposed that the reaction products are a solid solution
based upon the FeyAlj3 and Fe;Als [15]. Therefore, by EDS and EBSD analysis, it can be confirmed
that the IMC layers at the interface were composed of Fe4Al3 and Fe; Als phases.
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Figure 9. EBSD phase mappings of the interface of Al/steel joints at a laser beam offset of 0.3 mm.

Table 2. Intermetallic compound (IMC) phases identified using electron back-scattered diffraction

(EBSD) phase mapping.

Symbol  Phase a b c Alpha Beta Gamma Space Group
8 FeyAljs 15.49 A 8.08 A 1248 A 90.00° 107.72° 90.00° 12
n FepAls 7.66 A 6.42 A 422 A 90.00° 90.00° 90.00° 63

3.5. Morphology and Thickness of IMC Layers

Figure 10 shows the BSE micrographs of the IMC layers at the interface of the Al/steel butt joints
with different travel speeds. At a travel speed of 0.6 m/min, the IMC morphology formed at the
interface exhibits a number of large needle-like FeAls phases and thick Fe,Als layers owing to the high
heat input induced by the slow travel speeds. With the increase of travel speeds from 0.8 to 1.2 m/min,
the quantity of large needle-like FeAls phases was significantly decreased and the thickness of the
Fe, Al5 layers was also reduced. In particular, the large needle-like FeAl; phases dispersed in the Al
alloy completely disappeared when the travel speed was increased from 1.0 m/min to 1.2 m/min.
The effect of the travel speeds on the quantity of the needle-like FeAl; may be attributed to the decrease
of the cooling rate of the interface [11]. Figure 10f displays the thickness of the IMC layers as a function
of travel speeds. Here, the thickness of Fe; Al; layers is used to evaluate the IMC layer because of its
regularity. The thickness of FeyAls layers decreased sharply from 47.7 to 15.1 pm from 0.6 to 0.8 m/min,
and then decreased slowly from 7.9 to 4.7 pum with the increase of travel speeds from 1.0 to 1.2 m/min.
The decrease of Fe;Als layer thickness at the interface can be explained by the reduction of linear
energy input with the increase of travel speeds [33].

The IMC layers at the interface of the Al/steel butt joints with different laser beam offsets
are shown in Figure 11. At relatively low laser beam offsets of 0.3-0.5 mm, it was obvious that a
great number of large needle-like FeAls phases and thick Fe, Al5 layers were formed at the interface.
With increasing laser beam offsets from 0.6 to 0.7 mm, the quantity of large needle-like FeAl; phases
dispersed in the Al alloy significantly decreased, and only compact lath Fe, Als layer and fine serrated
FeAls phases attached to Fey Als layer were observed at the interface. Therefore, that laser beam offset
decreases greatly the quantity of large needle-like FeAls phases at the interface. Concerning the effect
of laser beam offsets on the IMC layer thickness, it was found that the thickness of Fe,Als layers
decreased quickly from 21.0 to 9.6 pm with the increase of laser beam offsets from 0.3 to 0.4 mm,
and then decreased gradually from 7.8 to 4.1 um as laser beam offsets increase from 0.5 to 0.7 mm,
as shown in Figure 11f. The decrease of the Fe;Al; layer thickness with the increase of laser beam
offsets was mainly caused by the decrease in the maximum temperature and the reaction time at the
interface [30,39]. With the increase of the laser offsets, the maximum temperature at the interface
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tends to be lower and the time for diffusion and dissolution of Fe atoms decreases, giving a thinner
IMC layer.
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Figure 10. IMC layer microstructures at the interface of the Al/steel butt joints with different travel
speeds: (a) 0.6 m/min; (b) 0.8 m/min; (c) 1.0 m/min; (d) 1.1 m/min; (e) 1.2 m/min; (f) thickness of the
IMC layers (contained in the second panel).
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Figure 11. IMC layer microstructures at the interface of the Al/steel butt joints with different laser
beam offsets: (a) 0.3 mm; (b) 0.4 mm; (c) 0.5 mm; (d) 0.6 mm; (e) 0.7 mm; (f) thickness of IMC layers.

3.6. Microhardness Profile of Al/Steel Butt Joints

Figure 12 shows the microhardness distribution of the Al/steel butt joints with different laser
beam offsets. It was found that the average microhardness of 5083 Al alloys and Q235 steels is
74.1 and 142.3 HV, while the weld and HAZ microhardness at the steel side reach 258.4 and 185.5 HV,
respectively. The higher hardness in the weld is mainly caused by the steel hardening because of the
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quenching effect, and the high hardness in the HAZ is related to the high heating and cooling rate
experienced in the HAZ resulting in a fine microstructure [40].
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Figure 12. Microhardness distribution in the Al/steel butt joints.

The hardness at the interface of the Al/steel butt joints increased abruptly in the range from
600 to 800 HV from the laser beam offset of 0.3 to 0.7 mm, as seen in Figure 11a. The higher hardness
at the interface was due to the presence of the brittle FepAls and FesAlj3 phases [13]. In addition,
the lowest hardness of 0.3 mm was 671.3 HV, and the highest hardness was 765.4 HV for the laser beam
offset of 0.7 mm. The difference in hardness at the interface between the laser beam offsets of 0.3 mm
and 0.7 mm was closely associated with the different morphology of the IMC layers generated at the
interface. As mentioned above, at a laser beam offset of 0.3 mm, the IMC layers at the interface were
composed of a thick lath Fe, Als layer, large needle-like and fine serrated FeyAly3 phases, due to the
excessive reactions at the interface as a result of the high heat input caused by a small laser beam offset
of 0.3 mm. However, at a relatively higher laser beam offset of 0.7 mm, the IMC layers at the interface
consisted of only thin lath Fe;Als layer and fine serrated FesAl;3 phases as a result of the lesser heat
input. Thus, at the laser beam offset of 0.7 mm, the hardness at the interface mainly depended on
Fe, Als layers, which have a higher hardness than FeyAly3 layers [41]. This explained why the joint
with a laser beam offset of 0.7 mm had the higher hardness at the interface.

3.7. Tensile Properties of the Al/Steel Butt Joints

The UTS of the Al/steel butt joints was influenced significantly by travel speeds and laser beam
offsets, as shown in Figure 13. Figure 13a shows the UTS of the Al/steel butt joints increased rapidly
from 64.0 to 110.4 MPa with the increase of travel speeds from 0.6 to 1.0 m/min, and then decreased to
77.3 MPa at the travel speed of 1.2 m/min, which indicates that the UTS of the Al/steel butt joints
reached its maximum at the travel speed of 1.0 m/min. It can be seen from Figure 13b that the UTS of
the Al/steel butt joints was increased from 42.0 to 107.0 MPa by increasing laser beam offsets from
0.3 to 0.6 mm, while the UTS of the Al/steel butt joints decreased to 96.0 MPa as laser beam offset
continuously increased to 0.7 mm. Thus, the maximum UTS of 107.0 MPa was obtained at a laser
beam offset of 0.6 mm. Consequently, the UTS of the Al/steel butt joints reached its maximum in the
conditions of a laser beam offset of 0.6 mm or a travel speed of 1.0 m/min.
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Figure 13. Effect of laser-welding parameters on the ultimate tensile strength (UTS) of the Al/steel butt
joints: (a) travel speeds; (b) laser beam offsets.

The relatively low UTS of Al/steel butt joints is primarily due to the formation of brittle IMC
phases at the interface, which is the main cause of embrittlement [42]. All the Al/steel butt joints
failed at the IMC layers at the interface, as shown in Figure 14. During the tensile test, the crack firstly
initiated at the top part (“I” zone in Figure 14a) or the bottom part (“IIl” zone in Figure 14c) of the IMC
layers. Finally, it propagated into the middle part (“II” zone in Figure 14b) of the IMC layer, which led
to the failure of the Al/steel butt joint. The fracture occurring at the IMC layer was related to the
brittleness and morphology of the IMC layers at the interface. At the top part of the IMC layer, a thick
FeyAl; layer and a number of the large needle-like Fe4Al;3 phases were observed owing to the high
heat input. For the bottom part of the IMC layer, some welding undercuts were observed at the root of
the joint in the Al alloy side close to the interface, which was more inclined to initiate microcracks at
high loads during the tensile test. Therefore, it can be supposed that the crack starts from the bottom
or top part, and propagates into the middle part of the IMC layer at the interface.

Figure 14. Fracture path of the interface at the steel/Al alloy butt joint: (a) top position (b) middle
position (c) bottom position.

Figure 15 shows typical results from SEM investigations of fracture surfaces at the steel side and
Al alloy side of the position “II” in the Al/steel butt joints, as this region is the final failure location
of the joint during tensile tests. The fracture surface at the Al alloy side can be seen to be mostly
flat, and the microcrack grows through the grains. Also, there was evidence of some broken FeyAly3
phases and the needle-like Fe, Als, as shown in Figure 15a, which depicts brittle transgranular fracture.
The factographic surface in the steel side shown in Figure 15b presented the typical cleavage fracture
mode, with river pattern strips of particular orientation on the fracture surface, which occupies the
largest fraction area of the sample surface exhibiting interfacial failure. Even though the failure of all
the samples was always located at the brazing interface during the tensile test, the specimens endured
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some plastic deformation, as shown in Figure 15¢; some regions of the factographic surface in the steel
side appear to show some dimples accompanied by some local plasticity, and the crack grew along the
grain boundary, showing some intergranular fracture characteristics. Although these fractures were
brittle, the latter had a certain resistance to the crack propagation of the IMC layers at the steel side,
which enhanced its mechanical resistance at the steel side. As a result, the IMC layer region close to
the Al base material was the most brittle region having the weakest bonding strength at the interface.

Figure 15. Scanning electronic microscope (SEM) micrographs of the middle position at the interface of
the steel /Al alloy butt joint: (a) Al alloy side; (b) steel side; (c) steel side showing some dimples.

4. Discussion

4.1. Effect of IMC Layer Thickness on Ultimate Tensile Strength (UTS)

The relationship between the IMC layer thickness and the UTS of Al/steel joints has been proposed
by Borrisutthekul [12], showing that the UTS was increased with decreasing thickness of the reaction
layer. In the present study, increasing travel speeds from 0.6 to 1.0 m/min improved the UTS of Al/steel
joints, as shown in Figure 13a, due to the decreased thickness of the IMC layer continuously from
47.7 to 7.9 um (Figure 10f). In Figure 13b, with the increase of laser beam offsets from 0.3 to 0.6 mm,
the UTS of Al/steel joints was increased as the IMC layer thickness decreased from 21.0 to 5.6 um
(Figure 11f). In these cases, the increased tendency of the UTS with decreasing IMC layer thickness
was clearly observed, which is in good agreement with the results reported by Borrisutthekul [12].
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However, with continuously increasing travel speeds to 1.2 m/min or increasing laser beam offset
to 0.7 mm, the UTS of the Al/steel joints was not increased continuously with further reductions in
IMC layer thickness. This indicates that the UTS of Al/steel joints does not always increase with a
decrease in IMC layer thickness [3]. Gao et al. [17] has proposed that there is an optimal range of IMC
layer thickness for improving the UTS of Al/steel joints, because an IMC layer that is too thin or too
thick results in low UTS. The reasons are due to the fact that an IMC layer that is too thin means an
insufficient interface reaction leads to the lack of fusion, and the IMC layer that is too thick resulting
from an excessive growth of the IMC phases increased the interface brittleness [17]. Therefore, it is
concluded that there is a relationship between optimum IMC layer thickness and the UTS of Al/steel
butt joints. However, this is not the sole condition. When comparing the thickness of the IMC layer of
the joints welded with a welding speed of 0.6 m/min and those welded with a laser offset of 0.5 mm,
it is found that the thickness for a welding speed of 0.6 m/min is about ~48 um, and the joint has
a low UTS of 64.0 MPa. For a laser beam offset of 0.5 mm, the IMC layers have thin thickness of
7.8 um, whereas the joints also exhibit low UTS of 66.5 MPa. Therefore, for thickness of more than
10 pm, the increased tendency of UTS with decreasing IMC layer thickness is clearly observed, which is
in good agreement with the results reported by Borrisutthekul [12]. However, with continuously
decreasing thickness to less than 10 um, the UTS of Al/steel joints not only largely depends on the
IMC layer thickness, but also on the IMC phase type and morphology at the interface.

4.2. Fracture Behavior of IMC Layers

It is well accepted that the UTS of Al/steel joints largely depends on the IMC layers (thickness
and phase type) at the interface [43]. However, regarding the fracture behavior of IMC layers during
tensile processing, there are some contradictory results. Springer et al. pointed out that the crack
propagated in the brittle IMC phases and cut through the remainder of the steel at the irregular, wavy
steel/Fey Als interface [44]. However, Chen et al. claimed that the Fe, Als layer was the primary and
most brittle phase at the interface [43]. These observations are evidence that the fracture of IMC
layers associated with tensile testing are not well understood. Thus, in the present study, an EBSD
phase mapping of the fractured surfaces of Al/steel butt joints under three laser beam offsets was
conducted in order to understand the fracture behavior of the IMC layers at the interface. At a laser
beam offset of 0.3 mm, it is evident that the crack travels through Fe,Als layers and the fracture path
is smooth, as shown in Figure 16a, while the FesAl;3/Fe;Als and Fey Als /steel phase interface bond
well. This indicates that the Fe;Als layer is the weakest in terms of bonding strength of the IMC
layers at the interface, and a transgranular fracture that occurred at the Fe, Als layers is evident due
to the higher hardness of the Fe;Al; layers [41] (Figure 12). Figure 16b shows a brittle transgranular
fracture still occurring at Fe, Als layer at a laser beam offset of 0.5 mm, but some second cracks can
be observed in the Al base material, showing that some deformation has happened at the interface.
This explains why the Al/steel butt joint at a laser beam offset of 0.5 mm has relatively high UTS
compared to that of a laser beam offset of 0.3 mm. When the laser beam offset is 0.7 mm (Figure 16c),
it clearly reveals that the crack travels along the boundary of the Fe; Al; grains and the fracture path
shows the obvious irregularity, which demonstrates evidence that an intergranular fracture occurred
at the FepAls layers. Thus, the intergranular fracture occurring at the Fe; Als layer is thought to be
attributable to the relatively high UTS of the Al/steel butt joints with a laser beam offset of 0.7 mm.
Consequently, the present study of EBSD phase mapping shows that the Fe,Als layer is the most
brittle region having the weakest bonding strength, which is entirely consistent with a previous study
reported by Chen et al. [43]. Moreover, an intergranular fracture that occurred at the FepAls layers led
to a relatively high UTS of the Al/steel butt joints.
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Figure 16. EBSD phase mapping of the failed tensile samples for the Al/steel joint with different laser
beam offsets: (a) 0.3 mm; (b) 0.5 mm; (c) 0.7 mm.

5. Conclusions

Based on the above results and discussion, butt joints of 6.0 mm thick 5083 Al alloys to Q235 steel

plates have been achieved by using autogenous laser keyhole welding. The following conclusions can
be drawn from this work:

M

©)

Varying travel speeds and laser beam offsets have a more pronounced effect on the area of HAZ S
than on weld width. By increasing the laser beam offsets and welding speed, the S in the Al alloy
side is decreased continuously. However, travel speed has a significant effect on Wy, but has less
influence on W3, whereas varying laser beam offset influences Wy and W5 a little.

The thickness of FeyAls layers decreases from 47.7 to 4.7 um with increasing travel speeds from
0.6 to 1.2 m/min. As laser beam offset increases from 0.3 to 0.7 mm, the thickness of Fe; Als layers
decreases from 21.0 to 4.1um. Thus, increasing travel speeds or laser beam offsets obviously
decreases the quantity of long needle-like FeAl; phases and the thickness of the Fe, Als layer.
The UTS of Al/steel butt joints is influenced significantly by the tested travel speeds and laser
beam offsets. The UTS reaches its maximum under the conditions of a travel speed of 1.0 m/min
or a laser beam offset of 0.6 mm. There should be a matching relationship between the IMC layer
thickness and UTS of Al/steel butt joints.

EBSD phase mapping proves that the IMC layers consist of Fe, Al5 phases and FeyAl;3 phases.
Increasing laser beam offsets from 0.3 to 0.7 mm significantly decreases the quantity of Fe,Al;3
phases and the thickness of Fe,Als layers at the interface of Al/steel butt joints.
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(5) EBSD phase mapping proves that the Fe; Al5 layer is the most brittle region having the weakest
bonding strength. An intergranular fracture occurring at the Fep Als layers leads to the relatively
high UTS of Al/steel butt joints.
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Abstract: In the present study, aluminum alloy T-joints were welded using the laser stake-welding
process. In order to improve the welding quality of the T-joints, an external electric current was used
to aid the laser stake-welding process. The effects of the process parameters on the weld morphology,
mechanical properties, and microstructure of the welded joints were analyzed and discussed in detail.
The results indicate that the aided electric current should be no greater than a certain maximum value.
Upon increasing the aided electric current, the weld width at the skin and stringer faying surface
obviously increased, but there was an insignificant change in the penetration depth. Furthermore,
the electric current and pressing force should be chosen to produce an expected weld width at the
faying surface, whereas the laser power and welding speed should be primarily considered to obtain
an optimal penetration depth. The tensile shear specimens failed across the faying surface or failed
in the weld zone of the skin. The specimens that failed in the weld of the skin could resist a higher
tensile shear load compared with specimens that failed across the faying surface. The microstructural
observations and microhardness results demonstrated that the tensile shear load capacity of the
aluminum alloy welded T-joint was mainly determined by the weld width at the faying surface.

Keywords: laser stake welding; aluminum alloy T-joint; aided electric current; weld morphology;
mechanical properties

1. Introduction

In industrial fields, T-joint structures have been extensively designed and used to decrease weight
and improve the structure strength [1-4]. For T-joint structures, adhesive bonding or the welding
process is usually employed to join the skin and stringer [5-8].

The laser welding process is considered a competitive technology for stake-welded T-joints
because of its ability to form high-quality welds with a high aspect ratio (depth-to-width ratio),
a small heat-affected zone (HAZ) and a high welding speed [9-11]. Romanoff et al. [12] evaluated
the rotational stiffness of a steel-welded T-joint using laser stake welding, and their results indicated
that the welded T-joint stiffness was mainly influenced by the weld thickness when the skin plate
was thicker. Meng et al. [13] studied the weld geometry, microstructure and microhardness of typical
laser-welded T-joints. A desired bead geometry of laser lap-welded steel T-joints can be produced by
adopting a low welding speed, a thin face plate and a small gap. Li et al. [14] provided a mathematical
model to study the porosity induced by the keyhole during the laser stake welding of steel Tjoints,
which indicated that the porosity formation was primarily attributable to keyhole collapse. In order to
combine both advantages, laser-arc hybrid welding has been attempted as a new method to stake weld
T-joints. Wang et al. [15] investigated the weld characteristics of laser-TIG (Tungsten Inert Gas) hybrid
stake welding of a titanium alloy T-joint. It was found that the gap tolerance between the skin and
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stringer significantly improved using laser-arc hybrid welding, and it was especially suitable to stake
weld T-joints with a thick skin component under high-precision assembly conditions. Hou et al. [16,17]
performed a series of comparative investigations on magnesium alloy Tjoints welded using different
welding methods, including TIG welding, laser welding, laser-TIG welding, and laser-TIG welding
with a filler wire. However, the skin of the Tjoint was always excessively melted as the laser-arc
hybrid stake welded the T-joint.

Friction stir welding is considered one of the most promising welding processes; this is a solid-state
joining method for joining aluminum alloys. Fratini et al. [18] welded T-joints of two types of aluminum
alloys using friction stir welding, and their results showed that high-quality AA6082 alloy T-joints
were welded; however, there were poor results for the AA2024 alloy. Cui et al. [19] fabricated AA6061
T-joints via friction stir welding using three different combinations of skins and stringers. The results
showed that increasing the welding speed leads to more welding defects. Zhao et al. [20] focused on
the relations between the defects and welding parameters and the tensile properties of the T-joints.
Some T-joints without tunnel defects could only be obtained with a traverse speed of 100 mm/min in
their experiments, and the welding parameters influenced the features and sizes of the kissing-bond
defects. Urbikain et al. [21] put forward a new method that was a combination of two processes, friction
drilling and form tapping, for the rapid and economical welding of nutless joints. The combined
method achieves a quick way for the production of threaded holes on couples of dissimilar metal
alloys, as it is the case of steels and aluminum alloys.

In previous studies, steel Tjoints and titanium alloy T-joints stake welding were always carried out
by laser welding and laser-arc hybrid welding, respectively, and the combination of friction drilling and
a form tapping process was used to join dissimilar metal alloy T-joints. Aluminum alloy T-joints were
mainly accomplished via friction stir stake welding. Compared with friction stir welding, laser welding
has advantages such as a high welding speed, low distortion, and ease of automation [22-25]. However,
reports on the laser stake welding of aluminum alloy T§joints are rare, although this welding technology
has great potential in aviation, aerospace, marine and automobile industries. Therefore, to investigate
the feasibility and improve the weld quality of T-joints, in this study, aluminum alloy T-joints were
welded via electric current-aided laser stake welding. After welding, the weld morphology, mechanical
properties and microstructure of the welded joints were analyzed and discussed in detail.

2. Materials and Methods

The base metal used in this investigation was a 5A06 aluminum alloy plate. Plates that
were 150 mm x 80 mm x 2 mm were used as the skin components, and plates that were
150 mm x 30 mm x 10 mm were used as the stringer components.

The chemical composition of the base metal is presented in Table 1. Before welding, the aluminum
alloy plates were mechanically cleaned followed by acetone solution cleaning.

Table 1. Chemical composition of the 5A06 aluminum alloy (wt %).

Material Mg Mn Si Cu Zn Fe Ti Al
5A06 5.8-6.8 0.5-0.8 0.4 0.1 0.2 0.4 0.02 Balance

A CO; laser (DCO030; Rofin-Sinar, GmbH, Hamburg, Germany) source operating in continuous
wave (CW) mode was used. A combination device (PSG6130 and PSI6200; Bosch Rexroth Company
China, Shanghai, China) with an adjustable output electric current was used to supply the aided
electric current, which could vary from 2.0 to 13.0 kA. As shown in Figure 1, the 5A06 aluminum alloy
T-joints were welded via electric current-aided laser stake welding, as a rolling electrode and stringer
component were connected to the positive and negative terminals of the power supply, respectively.
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Figure 1. Schematic diagram of the set-up of electric current-aided laser stake welding of a T-joint.
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During the electric current-aided laser stake-welding process, the laser beam was focused on the
top of the skin surface using a 190 mm focal length lens, and the focused spot diameter was 0.2 mm.
The wheel electrode touched the top of the skin surface. While the Tjoint specimens moved with the
traveling device, the wheel electrode rotated about a fixed axis. The distance, 4 (illustrated in Figure 1),
between the position of the bottom of the wheel electrode and the position of the laser beam focus was
fixed at 25 mm. The flow rate of the argon shielding gas was 25 L/min.

Following the welding process, the welded T-joints were carried out to create specimens for
metallographic analysis, microhardness and tensile shear tests. Considering the material and shape of
the welded joint, the wire electro-discharge machining (WEDM) method was used to manufacture
the test specimens [26]. The Instron5500R material tensile machine was used to perform the tensile
shear test at a strain rate of 2 mm/min. The self-design clamping was used for the tensile shear test.
The schematic diagram of the specimen assembly is shown in Figure 2; the compensation plates were
used to avoid the bending moment. To perform the metallographic examination, the welded samples
were sectioned, mounted, polished, and etched using a solution of 1 vol % HCl, 1.5 vol % HEF, 2.5 vol %
HNOj3 and 95 vol % H,O for 5 s. The appearance of the weld cross-section and microstructure were
observed using an optical microscope (Eclipse E200, Nikon Instruments (Shanghai) Co., Ltd., Shanghai,
China). The weld depth and width measurements were obtained from the resulting optical graphs.
The microhardness test was performed using a microhardness testing machine (HXD-1000TM; Zhuhai
Precision Instrument Co., Ltd., Zhuhai, China) with a 150 g test load. The joint fracture characteristics
were examined via scanning electron microscopy (SEM; S-4700; Hitachi High-Technologies in China,
Suzhou, China) with an energy-dispersive X-ray spectrometer (EDS), and the SEM images were gained
in the secondary electron imaging mode using a 12.5 mm working distance, a 20 kV accelerating
voltage and a 40 pA emission current. The experimental equipment used in this study is listed in
Table 2.

Table 2. The experimental equipment used in this study.

Equipment Model, Supplier
CO, laser source DCO030; Rofin-Sinar, GmbH
Electric current supply device PSG6130 and PSI6200; Bosch Rexroth Company
Tensile test machine Instron5500R, Adivision of Illinois Tool Works Inc.
Optical microscope Eclipse E200, Nikon Instruments, Ltd.
Microhardness test machine HXD-1000TM; Zhuhai Precision Instrument Co., Ltd.
Scanning electron microscopy S-4700; Hitachi, Ltd.
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Figure 2. Schematic diagram of the specimen preparation and assembly for the tensile shear tests.

3. Experimental Results and Discussion

3.1. Weld Morphology of the T-Joint

Figure 3 shows typical macrographs of the weld morphology of T-joints produced using different
electric current-aided laser stake-welding processes. There was almost no root gap between the skin
and stringer owing to the pressing by the wheel electrode, as shown in Figure 3. The weld morphology
of the laser welding is a “wedge” profile, whereas the weld morphology noticeably changed in the
electric current-aided laser-welded joints. The weld morphology was nearly a “cylindrical” profile,
whereas the aided electric current was 3.5 kA, as shown in Figure 3b. The weld morphology exhibited
an “amphoral” profile when the aided electric current increased to 5.0 kA, as shown in Figure 3c.
However, when the electric current increased to 6.0 kA, the stability of the process clearly reduced,
which caused the production of many spatters and serious concavity in the weld center, as shown
in Figure 3d. When the electric current was 7.0 kA, the fluid metal in the molten pool flowed in
a turbulent manner, and the weld quality was so bad that there was no effective joint between the skin
and stringer, as shown in Figure 3e. Thus, the aided electric current in the systematic experimental
investigation was varied from 0 to 5.0 kA in the following study.
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Figure 3. Typical macrographs of the weld morphology produced with different aided electric currents
(fixed process parameters: laser power, P = 1.6 kW; welding speed, v = 0.72 m/min; pressing force,
F=1.1kN): (a) 0kA; (b) 3.5 kA; (c) 5.0 kA; (d) 6.0 kA; (e) 7.0 KA.

3.2. Effects of Process Parameters on the Weld Morphology

For the stake welded T-joints, the total depth of the weld demonstrates that the penetration
capability and the weld width at the faying surface may significantly determine the loading capacity of
T-joints. To determine the influence of the process parameters on the weld morphology, two geometric
dimensions were extracted, namely, the total depth of the weld (H) and the weld width at the faying
surface (W), as shown in Figure 4.

Stringer

Figure 4. Definitions of the geometric dimensions of the weld morphology.

During the electric current-aided laser stake welding of the T-joints, the process parameters
mainly included the electric current (I), pressing force (F; applied on the T-joint surface through the
wheel electrode), laser power (P), and welding speed (v). Figure 5 indicates the effects of the single
process parameters on the geometric dimensions (H and W) of the weld while the other three process
parameters were held constant. Using a higher electric current, the weld width at the faying surface
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(W) and penetration depth (H) both became larger, but there was little change in the penetration depth
(H), as shown in Figure 5a. As the aided electric current increased from 0 to 5.0 kA, the weld width at
the faying surface varied from 1.3 to 3.2 mm, and the penetration depth ranged from 3.3 to 4.2 mm.
It is effective to increase the weld width at the faying surface for T-joints using an aided electric current.
Figure 5b displays the effect of pressing force on the weld morphology (H, W) using the same laser
power, electric current and welding speed. Upon increasing the pressing force, the penetration depth
increased, whereas the weld width at the faying surface decreased. The results showed that the weld
width at the faying surface visibly decreased, and the penetration depth exhibited a slower increase.
During the electric current-aided laser stake welding of the T-joint, when the electric current is passed
through the skin to the stringer, the resistance heat should provide preheating of the skin. The higher
the aluminum alloy temperature is, the greater the absorptivity of the aluminum alloy [10]. Therefore,
it is beneficial to improve the absorption of the laser on the top of the skin surface, as a result of
increasing the penetration depth (H) and weld width at the faying surface (W). In addition, the aided
electric current flowed through the faying surface between the skin and stringer, which contributed to
additional heat generation (Q = I*Rt, where Q is heat energy, I is current, R is contact resistance, and
is time) resulting from contact electrical resistance at the faying surface [27]. Therefore, the weld width
at the faying surface (W) clearly increased upon using the aided electric current, and a higher aided
electric current led to a larger weld width at the faying surface (W). However, the contact electrical
resistance decreased with increasing pressing force; this reduced additional heat generation at the
faying surface, and consequently, the weld width at the faying surface (W) decreased by increasing the
pressing force.
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Figure 5. Effects of the different process parameters on the weld morphology (W, H): (a) electric current;
(b) pressing force; (c) laser power; (d) welding speed.

Figure 5c displays the effect of the laser power on the weld morphology (H, W) with the same
electric current, welding speed and pressing force. As shown in Figure 5¢, the penetration depth
increased linearly with increasing laser power, whereas the penetration depth increased sharply from
3.0 to 5.7 mm with an increasing laser power from 1.2 to 2.4 kW. The weld width at the faying surface
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also increased with increasing laser power; however, the growth declined slowly. Figure 5d shows the
effect of welding speed on the weld morphology (H, W) with the same electric current, laser power
and pressing force. The weld width at the faying surface and penetration depth both clearly decreased
when the welding speed increased. The curves for the weld width and penetration depth similarly
changed with increasing welding speed. During the laser welding process, a keyhole is created in
a liquid molten pool via evaporation of the base metal. The keyhole develops a deep penetration
weld and a high depth-to-width ratio weld [10]. With increasing laser power, the weld width at the
faying surface (W) and penetration depth (H) increase; however, the variation in the penetration
depth (H) is sharper. The welding speed and laser power determine the rate of energy input to the
specimen, and a faster welding speed brings about lower energy input, identified by a lower laser
power. The weld width and penetration depth (H) at the faying surface (W) both decrease with
an increase in welding speed.

As a consequence of the above results, the electric current and pressing force should be chosen to
produce an expected weld width at the faying surface, whereas the laser power and welding speed
should be primarily considered to obtain an optimal penetration depth for the electric current-aided
laser stake welding of aluminum alloy T-joints.

3.3. Tensile Shear Test

The experimental results indicated that the weld width at the faying surface (W) has a significant
effect on the tensile shear loading capacity of welded T-joints. The relationships between the weld
width at the faying surface (W) and tensile shear load are provided in Figure 6. The loads sharply
increase at first and then decrease slowly with an increase of the weld width at the faying surface (W).
Figure 6 shows that the welded T-joint tensile shear load rises from 1280 to 2910 N and then decreases
to 2850 N, when the weld width at the faying surface (W) increases from 1.2 to 3.6 mm. The results
suggest that the joint tensile shear loading capacity improvement is mainly associated with increasing
the weld width at the faying surface (W).

23000 L Failed across faying surface Failed in weld of skin

2800 |- P e

Tensile load(N
8
8
T
\:\

" 1 " 1 " 1 " " 1 "
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Figure 6. Relationship between weld width at the faying surface (W) and tensile shear load.

During the tensile shear tests, some tensile shear specimens failed across the faying surface and the
others failed in the weld zone of the skin, as shown in Figure 7. As shown in Figure 6, the weld width
at the faying surface (W) also has an effect on the failure mode of the welded T-joint. For a relatively
small weld width at the faying surface (W; less than 3.0 mm), the tensile shear specimens failed across
the faying surface, as shown in Figure 7a. For a relatively large weld width at the faying surface
(W; not less than 3.0 mm), the tensile shear specimens failed in the weld of the skin, as shown in
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Figure 7b. The specimens that failed in the weld of the skin could resist higher tensile shear loads
compared with the specimens that failed across the faying surface. Figure 8 shows the load-strain
curves of the test specimens of different failed modes. While the test specimen failed across the
faying surface, the load reached its maximum and then decreased rapidly, as shown in Figure 8a.
While the test specimen failed in the weld of the skin, the load reached the maximum, and then slowly
decreased until the joint broke, as shown in Figure 8b. The failure surfaces were observed using SEM.
For two types of failed specimens, different fracture surface morphologies were observed at a higher
magnification. As shown in Figure 9a, as the tensile shear test specimens failed across the faying
surface, the fracture surfaces were flat, and shear fracture features with a plastic deformation along the
shear direction were observed. When the tensile shear test specimens failed in the weld of the skin,
the fracture surfaces were typical normal fracture features with a ductile failure mode, as shown in
Figure 9b.

(@ (b)

Figure 7. Macrographs of the failed tensile shear test specimens: (a) failed across the faying surface;
(b) failed in the weld of the skin.
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Figure 8. Load-strain curves of the failed tensile shear test specimens: (a) failed across the faying
surface; (b) failed in the weld of the skin.
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Figure 9. Scanning electron microscopy (SEM) images showing the fracture morphology of the failed
specimens: (a) failed across the faying surface; (b) failed in the weld of the skin.

3.4. Microstructure

Optical micrographs of the laser-welded and different electric current-aided laser-welded
aluminum alloy T-joints (failed across the faying surface and in the weld of the skin, respectively) are
shown in Figure 10. The welded joints consisted mainly of the weld zone, the HAZ and the base metal.
The experimental results indicate that the fusion line is distinct for a rapid heating/cooling rate during
the laser welding process and the HAZ is narrow, as shown in Figure 10a. As shown in Figure 10b,c,
the HAZ width is related to the aided electric current, and a higher electric current produces a larger
HAZ width during electric current-aided laser welding.

Figures 11a and 12 show the microstructure of the base metal and weld center, respectively.
Gao [28] and Wang [29] have investigated the phase components of the 5A06 alloy base metal and its
weld metal using X-ray diffraction (XRD) analysis. Their results showed that the 5A06 alloy base metal
and its weld metal all mainly consisted of x-Al phase and 8 phase (AlsMg,); meanwhile, the other
phases were few in quantity and thus there were no obvious phase peaks in the XRD patterns. On the
basis of the XRD analysis results in the references [28,29], the phase particles were executed using
EDS analysis in this study, and the microstructure observation and EDS analysis results show that the
base metal had a distributed second strengthening phase 3 (AlzMgp) in the aluminum matrix (x-Al)
together with relatively few insoluble particles of Mg,Si and Alg(Fe, Mn), as illustrated in Figure 11.
The weld zones for the laser welding and the electric current-aided laser welding consisted of x-Al
and phase 3 with a dispersed distribution, as shown in Figure 12a. The second strengthening phase 3
in the weld zone of the electric current-aided laser-welded joint was longer than that of the laser weld
because of the lower cooling rate. From Figure 12b,c, it is shown that the phase {3 slightly increased in
size and decreased in quantity, with a higher electric current due to the higher heat input.
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Figure 10. Microstructure of the welded joint: (a) laser welding; (b) 3.5 kA electric current-aided laser
welding; (c) 5.0 kA electric current-aided laser welding.
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Figure 11. (a) Microstructure of the base metal; (b) energy-dispersive X-ray spectrometer (EDS) result
of the phase particle A (Mg;5i); (c) EDS result of the phase particle B (Alg(Fe, Mn)); (d) EDS results of
the phase particle C (AlzMgy).

124



Metals 2017, 7, 467

AlMg,

20/ um

200Um 20 Um

(b) (©

Figure 12. Microstructure of (a) the weld center from laser welding; (b) the weld center from 3.5 kA
electric current aided laser welding; (c) the weld center from 5.0 kA electric current aided laser welding.

3.5. Microhardness

Microhardness tests were conducted on the cross-sections of the welded T-joints, and the
measurement location was placed 1.5 mm below the skin surface of the welded T-joints, as illustrated
in Figure 13. The microhardness distributions in the laser-welded and different electric current-aided
laser-welded aluminum alloy Tjoints (which failed across the faying surface and in the weld of the
skin, respectively) are shown in Figure 14. For the lase-welded T-joint and for the electric current-aided
laser-welded T-joints, the microhardness in the weld zone was the lowest because of the as-cast
structure and growth of the strengthening phase 3 of decreased quantity. The microhardness of the
base metal was the highest, which was attributed to the rolling deformation, initial annealing state and
extremely fine phase 3 with a dispersed distribution. In the HAZ, the microhardness with an uneven
distribution was higher than that in the weld zone. The hardness of the material reflects the ability
to resist deformation; therefore, the hardness is directly relevant to the tensile shear loading capacity.
Generally, with a decrease in the hardness, the tensile shear load decreases [30]. Because of the low
hardness, the weld zone was the weakest area during the tensile shear tests and easily ruptured.
Therefore, in the tensile shear tests, cracks all initiated from the edge of the weld at the faying surface.
If the weld width at the faying surface (W) was small, the crack propagated across the faying surface
between the skin and stringer until the tensile shear specimens failed, and if the weld width at the
faying surface (W) was large, the fracture crack propagated in the weld zone of the skin until the
tensile shear specimens failed, as shown in Figure 15.
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Figure 15. Schematic illustration of sample failure modes: (a) failed across the faying surface; (b) failed
in the weld of skin.

As shown in Figure 14, the microhardness in the weld zone of the higher-electric-current-aided
laser-welded T-joint was slightly lower than that of an even higher electric current. Thus, when the
weld width at the faying surface (W) was sufficient and the tensile shear specimens failed in the weld
zone of the skin, the welded T-joint tensile shear load increased to the maximum and then slightly
decreased because the microstructure changed in the weld zone, as shown in Figure 12b,c, which is
consistent with the tensile shear results shown in Figure 6. However, the reduction in the amount of
tensile shear load was insignificant, which suggests that the tensile shear load of the aluminum alloy
welded T-joint was mainly determined by the weld width at the faying surface (W).

4. Conclusions

Electric current-aided laser-welding technology was developed to stake weld aluminum alloy
THoints. The electric current used should be not more than 5.0 kA; otherwise, as in the present
experimental investigation, the process stability reduces, resulting in a poor-quality weld.
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With a higher electric current, the weld width at the faying surface (W) and penetration depth
(H) both became larger; however, there was little change in the penetration depth (H). The weld
width at the faying surface (W) visibly decreased, and the penetration depth had a small variation as
the pressing force grew. The penetration depth (H) increased linearly with increasing laser power;
however, the growth of the weld width at the faying surface (W) slowly decreased. The weld width
and the penetration depth (H) at the faying surface (W) both clearly decreased when the welding
speed increased. Consequently, the electric current and pressing force should be chosen to produce
an expected weld width at the faying surface (W), whereas the laser power and welding speed should
be primarily considered to obtain an optimal penetration depth (H).

The tensile shear load sharply increased at first and then reduced slowly as the weld width at the
faying surface (W) increased. Some tensile shear specimens failed across the faying surface, and others
failed in the weld zone of the skin. The specimens that failed in the weld of the skin could resist
a higher tensile shear load compared with specimens that failed across the faying surface.

Because of the rolling deformation and extremely fine phase 3 with a dispersed distribution,
the microhardness of the base metal was the highest. In the HAZ, the microhardness had an uneven
distribution, which was higher than that in the weld zone. The weld zone was the weakest area during
the tensile shear tests and was much more likely to rupture. The reduction in microhardness of the
weld was only slight compared with that of the base metal and HAZ; therefore, the tensile shear load
capacity of the aluminum alloy stake-welded T-joint was mainly determined by the weld width at the
faying surface (W).
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Abstract: We report on a feedback mechanism for rapid identification of optimal laser parameters
during welding of AIMg5 coupons using real-time monitoring by high-speed imaging. The purpose
was to constrain the liquid movement in the groove in order to obtain pore-free welds in this otherwise
difficult-to-weld alloy. High-speed imaging of the welding process via an optical microscope allowed
for recording at millimeter level, providing new information on liquid-metal dynamics during laser
irradiation as well as plausible explanations for spatter occurrence and pores formation. The pore
formation and especially the position of these pores had to be controlled in order to weld 3 mm thick
samples. By tuning both laser power and pulse duration, pores were aligned on a single line, at the
bottom of the weld. A laser pass of reduced power on that side was then sufficient for removing all
pores and providing a suitable weld.

Keywords: laser welding; spatter; liquid metal; high-speed imaging; porosity control

1. Introduction

Weight and production cost reducing automotive body design are achieved by using laser butt
welded semi products such as tailor blanks out of steel and combined materials [1,2]. Laser is
preferred for welding, owing to to the high speed of the process, low distortion due to the small
heat affected zone, manufacturing flexibility and ease of automation [3-5]. Further improvements
in transportation can be achieved by replacing steel with lighter metals such as aluminum and its
alloys [6-8]. However, obtaining reliable, reproducible flawless high-quality welds for these materials
is challenging. Aluminum is also difficult to weld because it easily oxidizes. Moreover, due to its high
thermal diffusivity, the weld fusion and penetration are more difficult to achieve in comparison to
steel [9]. The fast heat exchange implies also a fast solidification that leads to high stresses, resulting in
cracks, pores formation or even complete break of the welded area [10-14].

Another general drawback of laser welding, and especially in keyhole mode, consists of the
ejection of liquid droplets, known as “spattering”. It often causes defects such as craters, blowouts
and underfills that seriously degrade the mechanical properties of the weld [15,16]. Categorization
of spatter based on the physical phenomena that contribute to its formation has been proposed by
Kaplan and Powell [17]. One cause of spatter formation is the vertical movement of liquid in the groove
during irradiation caused by the vapor flow that expands in the keyhole. You et al. [18] attributed this
type of spatter formation to the shockwave generated by the expanding vaporized matter from the
laser molten pool. In order to understand and avoid this drawback, several research groups monitored
in real time the laser welding of metals and alloys by fast imaging [16-20]. Thus, it was possible to
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extract relevant information about the keyhole (shape, size, liquid movement, pore formation), plume
expansion (plume length, expansion speed, particles expulsion) and its effects over the molten pool
(liquid spatter). By using a high-speed camera, Zhang et al. [19] visualized the influence of vapor plume
on both the melt pool dynamics and transient keyhole cross-section, by applying a sophisticated sample
preparation. They observed that for the full penetration of the melt, the recoil pressure of the plume
induced a downward flow of the liquid in the keyhole. Because of this movement, the liquid on the
keyhole bottom goes upwards with high speed, thus being the main cause for the occurrence of spatter.

High-speed imaging spatter detection contributed to distinguish the welding defects in case of
laser welding of stainless steel, by identifying the spatter diameter together with the plume features
and ejection direction [18,20]. The presence of spontaneous high amounts of spatter in the image
sequences confirmed that a weld seam width reduction occurred. Based on this analogy, the image
sequences could be used for evaluating in situ the weld seam quality. For the same material, Li et al.
proposed to focus the laser beam in depth for achieving a more stable laser welding by producing a
flow towards the bottom of the keyhole, as monitored by in situ X-ray imaging [21].

A method proposed in literature for reducing spatter and porosity during laser welding of
dissimilar materials such as Al and Ti alloys is to offset the laser beam towards the Ti side close to the
seam. Casalino et al. showed that this offset can produce a highly resistant weld, free of porosity and
spatter, with no need for filler or groove preparation [22,23].

The aim of this research was to develop a method based on high-speed imaging and optical
microscopy for rapid identification of the optimal parameters for laser welding of a thick sample.
We aimed to obtain total heat penetration, to eliminate porosity and splatter and to reduce spatter.
For this study, we selected the particular case of an AIMg5 alloy, where porosity is very difficult to be
overcome by trial and error adjustments of laser parameters.

2. Materials and Methods

AlMgb5 ingots were self-made by cast melting aluminum and magnesium (between 4.5 and
5.5 wt % Mg). Prismatic coupons of 20 x 20 x 3 mm? were cut from the bulk material. Prior to laser
irradiation, the pieces were sandpaper (P 180)-polished and rinsed with ethanol for contaminants
and debris removal. The pieces were butt-welded using a pulsed Nd:YAG (A = 1064 nm) laser source
(SLS200-306 Lasag, Belp, Switzerland).

The characterization of laser beam using a MBS300 beam profiler (Ophir, North Logan, UT, USA)
revealed a top hat pulse in the image plane of the final laser focusing lens. The spot size for a laser
power of 1 kW and 2 ms pulse duration was found to be of 600 pm for a focusing of the beam on
surface and of 850 pm for 2.5 mm in depth. The intensity profiles of the spots focused on surface and
in depth are presented in Reference [16].

The AIMg5 specimens were pushed against each other on the work bench and held tight using a
lock mechanism in order to minimize the gap.

The experimental set-up is schematically presented in Figure 1. The laser beam was perpendicular
to the samples surface (Figure 1) and was delivered via optical fiber through an encased optical system
mobile on the z axis, consisting of a collimator, guiding mirrors and a lens with 25 cm focal length.
The laser beam remained in fixed position, while the samples were moved by an X-Y translation stage.
The normal impinging laser beam has a spot diameter between 600 pm and 1.5 mm, for a 5.5 kW
peak power and 1 or 5 ms pulse duration, respectively. For a full penetration butt weld on the 3 mm
thick samples, the laser source had to be set to a maximum laser peak power of 5.5 kW with 850 um
spot diameter. The sample surface was kept above or below the beam focus at a distance of 2.5 mm.
After establishing the full weld penetration, further process parameters could be tuned in order to
improve the weld quality [24]. Pulse duration was varied between 1 and 6 ms. Working with a pulse
repetition rate of 10 Hz, the pulse energy was stable for a chosen pulse peak power and all selected
pulse durations. The samples were moved perpendicular to the impinging laser beam with stepper
motor speeds between 7 and 40 cm/min. No filler material was used for welding the AIMg5 parts.
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Figure 1. Schematic of experimental set-up for laser welding and monitoring. HS: High-speed camera.

In order to protect the weld pool against oxidation, high-purity Argon (Ar, 99.9999%) was used
as shielding gas. The Ar gas was delivered through a 4 mm diameter polytetrafluoroethylene (PTFE)
tubing placed in the xz plane, at 3 cm from the laser spot at an angle of approximately 50° in respect to
the sample surface, while the sample was translated along the y direction (see Figure 1 for movement
reference). An optimized Ar flow rate of 5 L/min was used for preventing oxidation. Thus, an Ar
content of 99% was measured 1 cm ahead of the welding site by mass spectrometry.

Both single laser shot and full welding processes were recorded with a high-speed complementary
metal-oxide-semiconductor (CMOS) camera (Motion Pro Y4-S3 mono; Videal AG, Niederoenz,
Switzerland) with an image resolution of max. 1024 x 1024 pixels. To record the plume expansion
through a 100 mm focal length Zeiss objective, the camera was mounted horizontally, parallel to the
sample surface. Frame rates were chosen between 16,400 and 58,001 fps and the shutter speed was set
between 100 ns and 20 ps.

For weld pool monitoring through a MZ10 microscope (Leica, Wetzlar, Germany) set to a
2x magnification and tilted to an angle of 45° with respect to the laser beam, the camera frame
rate was chosen around 30,000 fps, with the shutter speed set to 100 ns. Molten pool illumination was
achieved using cold white light delivered by a KL1500 Electronic halogen lamp source (Schott AG,
Mainz, Germany) placed at 3 cm from the irradiation site, at an illumination angle of 45° in respect
with the sample. Different color photographic filters were used in order to better distinguish either the
features of the plume expansion or the spatter and weld pool. The recordings were processed with Pro
Analyst motion analysis software (Version 1.5.9.8, Xcitex, Woburn, MA, USA). Knowing the number of
acquired frames per second, the software can establish the occurring time of each frame and using the
AlMg5 sample thickness as reference, it can calculate distances and travel speeds for plume expansion
and flying particles.

The weld morphology and cross-sections of weld were studied by optical microscopy using an
Axioplan microscope (Carl Zeiss, Oberkochen, Germany), equipped with a ProgResC14 plus camera
(Jenoptik, Jena, Germany).

3. Results

3.1. Parameters Adjustment Using Optical Microscopy Data

First, it was identified that 5.5 kW laser peak power and over 2 ms pulse duration were mandatory
in order to butt-weld 3 mm thick plates. Lower peak powers caused incomplete melting in depth.

Figure 2a—d corresponds to the welds conducted with pulses of 1, 2, 3 and 6 ms duration.

The droplets and particles deposited both around and inside the seam increased in number
and dimensions with the pulse duration at constant power. For pulses of 1 ms, most particles had a
diameter of 150 pm, increasing up to 1 mm for pulses of 6 ms. For pulse duration of 1 ms, most particles
in the vicinity of the seam were polyhedral. By increasing the pulse duration, round particles started
to be dominant (for clarity reasons, spherical particles will be thereon called “droplets”). Most of the
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droplets were surrounded by a halo, most probably part of the initial droplet that spread when it hit
the surface. Figure 3 presents in detail a round particle that was still liquid when it collided with the
sample surface, producing a splash of liquid metal around it (left side) and some examples of particles
with irregular shape (right side).

As the laser peak power had to be maintained at 5.5 kW, the most obvious parameter to vary
in order to improve the welds aspect was the laser pulse duration. An easy task in tuning the pulse
duration was the study of spatter/splatter on samples surface. Evident signs of violent material
expulsion were identified close to the seam in the form of splatter (massive molten metal spill) for
4 and 5 ms pulse durations. Considering these facts, for welding the 3 mm thick AIMg5 samples,
a pulse duration of 2 ms was selected for further investigations.

Figure 2. Cont.
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Figure 2. Optical microscopy images of seams in case of laser welding of AIMg5 parts under Ar. Laser
peak power of 5.5 kW and pulse duration of (a) 1 ms; (b) 2 ms; (c) 3 ms; and (d) 6 ms, respectively.
Red circles are marking droplets present around the seam.

Figure 3. Optical microscopy images of particles found in the vicinity of the weld: left side-round
droplet that was probably still liquid when it hit the surface. The impact produced a splash of molten
metal around it; right side-particles of irregular shape.

By increasing the translation speed during welding from 7 to 14, 30 and finally 40 cm/min while
keeping constant the laser peak power at 5.5 kW, for a pulse duration of 2 ms and a repetition rate
of 10 Hz, a decrease of the amount of liquid spilled from the seam and drastically reduced density of
droplets on the surface were observed. By doubling the speed from 7 to 14 cm/min, it was observed
that the particles” diameters around the weld decreased from 60-200 um to 20-100 um. At 30 and
40 cm/min, no droplets could be found at the samples surface, close to the seam. Only rare droplets
exclusively located inside the seam were observed. They exhibited diameters ranging from 200 to
500 pm. Moreover, the cross-sections of samples revealed full penetration welds. Therefore, 30 cm/min
scan speed was kept as optimal for our welding conditions.

3.2. Parameters Adjustment Using High-Speed Imaging Data

For identifying the optimal experimental parameters for welding, high-speed imaging of the
surface was used for monitoring the liquid phase behavior. This analysis can be of importance for
welding from two perspectives: (i) It can provide information about spatter for a particular set of
chosen experimental conditions. For welding, spatter can be chosen as one of the control parameters
when searching for the optimal welding conditions, as its high amount could mean material loss which
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causes welding underfill, porosity, as well as a bad visual aspect of the welds; (ii) It allows for real-time
visualization of liquid movement in the irradiated area, thus allowing the selection of irradiation
parameters so that splatter (large liquid material downpour) can be ruled out.

First, to investigate the interaction between the laser beam and material, single irradiations onto
the surface of a sandblasted AIMg5 sample were performed, with the beam focused 2.5 mm in depth.
Figure 4 presents a subsequence of representative frames extracted from the real-time recording of an
AlIMg5 surface state evolution under the action of one laser pulse of 5.5 kW peak power and 2 ms duration.

a b c d

33 microsecond 203 microsecond 474 microsecond 1355 microsecond

Figure 4. High-speed imaging of AIMg5 surface behavior under the action of a laser pulse of 5.5 kW
power and 2 ms duration: (a) start of incandescence; (b) highest incandescence before melting;
(c) expansion of the liquid phase starting from the center of the spot; (d) liquid expulsion from
the molten pool.

In the following, for all set of frames, the time reference, “instant = 0 s”, corresponds to the camera
internal event trigger (i.e., “Motion Trigger”), defined as an increase from 2% to 5% of the light intensity
in the area of irradiation site.

The purpose of this research was to identify the time for incandescence, melting and boiling
on metal surface and further compare them with the times recorded for actual welds on the groove
between two metal parts. The surface became incandescent 30 us from the start of laser pulse irradiation
(Figure 4a) and reached a maximum of brightness after approximately 200 ps of irradiation (Figure 4b).
From this point on, a melting process that started from the center of the spot and expanded in a circular
pattern towards the edges of the laser spot was observed. Figure 4c exhibits a representative frame for
the liquid phase expansion. The entire irradiated area was completely melted after 800 pis. The molten
pool continuously heated by the laser reached the boiling temperature. The first spatter was recorded
after 1350 us.

It has been also observed that the occurrence of events presented in Figure 4 remains the same
for pulses with 5.5 kW peak power and longer pulse durations, but the recorded times decreased,
while boiling and spatter (Figure 4d) intensified as pulse duration increased.

A basic analytical model that predicts temperature evolution on sample surface during the laser
pulse action was used for comparison with the experimental observations [25]. The calculations were
conducted on z direction only and surface absorption, conductivity, density, and heat capacity were
considered as temperature-independent.

The simplified form of the heat equation becomes:

oT 2T
o Poz M

where T is temperature, f is time, D is the thermal diffusivity, D = k = thermal conductivity,

k
pe,’
p = density, ¢, = specific heat.
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The solution of the one-dimensional heat equation is:

 2aly(1-R)
- k

T(z, t < T) (Dt)%ierfc[z( z 2)

1
Dt)2
where T = pulse duration; a = optical absorption coefficient, Iy = laser peak power, R = reflectivity,

k = thermal conductivity; D = thermal diffusivity, ierfc = integral of complementary error function.
For the case of surface temperature (z = 0),
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For AIMg5, the constants used in calculations were: k = 140 W/m-K, ¢, =900 ] /kg K, a = 108 m~!
while the reflectivity for 1064 nm wavelength was selected to be of 93% [26].

The simulated evolution of temperature during the laser pulse is given in Figure 5. At the end of the
laser pulse, the surface temperature surpasses 3000 K. For the events recorded in Figure 4, the computed
temperatures are T(33 us) = 683 K, T(203 us) = 1200 K, T(474 us) = 1477 K, T(1.355 ms) = 2800 K. While the
model accurately predicts what happens at 33 s since the beginning of laser pulse, it overestimates
the temperatures for the ms range. This is certainly due to model simplifications: Surface absorptivity
would certainly increase with temperature, laser beam absorption in the plume and radiative losses
are not computed. However, the model is useful in predicting the intervals where boiling can occur.
AlMg5 boiling temperature is at ~2700 K [27], occurring after 1.355 ms since the start of the laser pulse,
as caught on high-speed camera footage. The model obtained a value of 2800 K at 1.355 ms. With small
adjustments, recordings can be optimized in order to capture the footage of interest only, thus reducing
considerably the videos processing time and video storage space.

4x10° T T T

3x10°

1x107

L 1 1

0 sx107* 1x10°7° 15x107° 24107°

t(s)

Figure 5. Simulation of AIMg5 surface temperature evolution during irradiation with a laser pulse of
5.5 kW peak power and 2 ms duration.

In a second step, a butt weld between two adjacent parts was performed and observed with the
high-speed camera. Figure 6a shows that the metal heated by the laser spot first became incandescent.
The joint borders progressively took a circular shape under the action of laser pulse (Figure 6b).
Melting occurred after approximately 200 ps starting from the spot center that remained consistent
with the previous observations obtained on flat surface irradiations. The liquid rose from the groove
and produced liquid expulsion that began after approximately 830 us (Figure 6¢). At the end of the
laser pulse, the liquid fell back into the groove forming a whirlpool (Figure 6d). We believe that the
liquid follows the crater walls shaped conically when returning into the groove, thus producing this
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whirlpool. During this upwards/downwards movement, the liquid loses heat and becomes denser
than the liquid remaining on the bottom of the groove. The pressure put by the returning liquid upon
the bottom pool can cause a spill between at the joint between the two pieces to be welded (see area
marked with a red circle in Figure 7a).

1666
microsecond

d

Molten metal Liquidis

rises from the spilled

Groove between depth forming || Molten metal
AIMg5 parts spatter returns in the
Groove walls meltand groove forming a

take the shape of the whirlpool
laser spot

Figure 6. High-speed imaging of phenomena occurring during laser irradiation with a pulse of 5.5 kW
power and 2 ms duration of the joint between two AIMg5 pieces: (a) metal reaches incandescence;
(b) molten metal rises from the groove; (c) expulsion of liquid phase; (d) metal returns in the groove

forming a whirlpool.

In case of butt welding, spatter occurs even before surface boiling. We believe this to be the cause
of gas bubbles that emerge from the bottom of the molten pool causing liquid spatter. To confirm this
assumption, the joint between two AIMg5 coupons was irradiated with single laser pulses (power
= 5.5 kW, frequency = 1 Hz, in-depth focusing at 2.5 mm), and subsequently, a cross-section of the
weld was studied by optical microscopy (Figure 7). Indeed, we found pores that seemed to be trapped
during solidification, close to the bottom of the weld. The increase of pulse duration generated larger
pores in the solidified keyhole. In the case of a 2 ms pulse, ~50 um pore was formed (Figure 7a),
while increasing the pulse duration to 3 ms resulted in a pore with a diameter of ~300 pm (Figure 7b).
This pore diameter ascending trend continued up to a pulse duration of 6 ms, when most of the keyhole
was devoid of metal (Figure 7c).

Laser pulse duration=2 ms Laser pulse duration=3 ms

Figure 7. Cont.
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Figure 7. Optical microscopy images of cross-sections of laser welds conducted with discrete pulses,
power = 5.5 kW, frequency = 1 Hz, in-depth focusing of 2.5 mm: (a) weld with reduced porosity and
spilled material; (b) weld with large pore; and (c) keyhole devoid of metal.

3.3. Obtaining Pore-Free Welds in AIMg5 Alloy Using an Infrared Millisecond Laser Source

The molten pool manifested very little boiling and spatter for a 3 kW regime. However,
cross-sections revealed that the weld was not complete, 3 kW peak power proving to be insufficient to
melt 3 mm thick AIMg5 samples. The weld also displayed root porosity (Figure 8a). A peak power of
5.5 kW was necessary to weld 3 mm thick samples, but in this case, numerous large pores randomly
distributed in the weld were observed in cross-section.

Weld experiments were also conducted with laser beams focused in depth from 0 to 5 mm, with a
step of 0.5 mm between samples. Beam focusing on surface was ruled out, as it induced too much
spatter and material loss, visible both in the high-speed images and also visually, in the weld aspect.
Spatter reduced progressively with beam defocusing in depth and pores were more confined towards
the bottom of the weld as the defocusing increased. The optimal defocus distance was found to be
2.5 mm in depth, corresponding to a circular spot of 850 um diameter. In this irradiation regime
total heat penetration was achieved and pores were isolated at the bottom of the weld, close to the
bottom edge of coupon (Figure 8b). By increasing the laser power even more, the spatter and pores
will increase, while continuing defocusing to 4 or 5 mm in depth would reduce the molten pool depth.
It was clear that a pore-free single-step welding with our laser source on this alloy was not possible
under the investigated parameters. A second welding step on the other side, where the pores were
confined, was necessary. A 3 kW pulse peak power focused 2.5 mm in depth, at the same scan speed
and pulse repetition rate as in the previous case, it was sufficient enough to remove the pores and
obtain a pore-free weld (Figure 8c).

(b)

Figure 8. Cont.
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(0)

Figure 8. Optical microscopy image of welded joints in case of casted AIMg5 parts: (a) Ar, peak
power = 3 kW, frequency = 10 Hz, pulse duration = 2 ms, 1 pass; (b) Ar, peak power = 5.5 kW,
frequency = 10 Hz, pulse duration = 2 ms, 1 pass; (c) Side 1: Ar, peak power = 5.5 kW, frequency = 10 Hz,
pulse duration = 2 ms, 1 pass; Side 2: Ar, peak power = 3 kW, frequency = 10 Hz, pulse duration = 2 ms,
1 pass.

4. Discussion and Conclusions

The laser welding process of AIMg5 parts with a millisecond Nd:YAG laser source emitting in
infrared was monitored by high-speed imaging and correlated with optical microscopy analyses for a
faster selection of optimal parameters in view of obtaining a pore-free and splatter-free weld.

High-speed imaging via a microscope objective of an actual laser welding process was conducted
and we found that in the case of beams focused in depth, liquid metal is pushed upwards by the
vaporized metal expanding from the bottom of the molten pool. It caused spill and spatter and was
partially impeded to refill the groove by the gas metal cloud emerging from the bottom of the groove.

While providing useful information, it must be stated that this high-speed imaging investigation
in static regime can differ from the actual welding process in dynamic regime. Indeed, in a static
regime, a laser beam at normal incidence on a relatively smooth surface is partly reflected in a specular
manner, while a small part of it is absorbed by the medium. In a dynamic high-power regime, a keyhole
containing mostly metal vapour is formed. The laser beam can penetrate deeper into the material by
means of this cavity and it is reflected multiple times on the keyhole walls, a part of it being absorbed
at each contact with the walls. Thus, the multiple Fresnel absorption/reflection can significantly
increase absorption efficiency for the laser radiation in a dynamic regime, and therefore the involved
temperatures could be more elevated while event times could be shorter as compared to the static
regime [28,29].

Compared to the laser irradiation of coupons surface, spatter is formed earlier in the case of
irradiation of the joint between two coupons. One potential explanation for the spatter occurring at
different times (830 us vs. 1350 ps, respectively) might be that the mechanism of spatter formation
differs: in the case of surface irradiation, metal has to reach first the melting temperature and then the
boiling temperature for spatter to occur, while for the joint irradiation case, molten metal pouring from
the edges in contact, is lifted upwards by the gases rising from the groove.

Optical microscopy images of cross-sections after single-pulse irradiations (Figure 7) showed that
the pores could originate from the bottom of the molten pool and their size is increasing as the laser
pulse power increases. The metallic mirror-like shine of the pores together with their spherical shape
point towards the hypothesis that they are a result of hot metallic vapors that rose from the bottom of
the molten pool in a liquid environment that later solidified and trapped them. The vapors condensed
on the solidified spherical walls during cooling, providing the mirror-like aspect.

138



Metals 2017, 7, 452

The sample thickness which required maximum laser power together with the information on
liquid dynamics provided by high-speed imaging and optical microscopy reduced the options of
parameters to be varied to a minimum, making the optimization process quite fast. As high power was
needed for welding the 3 mm thick samples, the pores presence could not be ruled out. A solution was
to contain them at the bottom of the weld by tuning the beam focusing. As laser power decreased by
defocusing, the temperature of the molten metal decreased, meaning that it solidified faster after the
pulse ending. An experiment involving high-speed camera for monitoring the molten pool together
with optical microscopy of the cross-sections revealed that 2.5 mm defocusing in depth of the beam
was the optimal regime for containing the pores close to the bottom of the weld, immediately after their
genesis. In order to ensure a pore-free weld, the sample side with the aligned pores had to be melted
in order for the gases to be released and the liquid metal to rearrange. After a few tests, the optimal
pulse power that ensured a pore-free weld was found to be of 3 kW.

High-speed imaging monitoring supported by optical microscopy cross-section investigations
should allow users to adjust laser parameters for any type of high-power processing laser source in
order to be able to weld even the most problematic metals and alloys.
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Abstract: For a dissimilar laser weld, the model of the heat source is a paramount boundary condition
for the prediction of the thermal phenomena, which occur during the welding cycle. In this paper,
both two-dimensional (2D) and three-dimensional (3D) Gaussian heat sources were studied for
the thermal analysis of the fiber laser welding of titanium and aluminum dissimilar butt joint.
The models were calibrated comparing the fusion zone of the experiment with that of the numerical
model. The actual temperature during the welding cycle was registered by a thermocouple and used
for validation of the numerical model. When it came to calculate the fusion zone dimensions in the
transversal section, the 2D heat source showed more accurate results. The 3D heat source provided
better results for the simulated weld pool and cooling rate.

Keywords: dissimilar welding; fiber laser; finite element analysis

1. Introduction

Laser welding is recognized as an effective process to weld metals with a laser beam of high-power,
high-energy density. In fact, the power density of a laser beam is much higher than that of arc or
plasma. Consequently, a deep narrow penetration weld can be effectively produced. These properties
have made laser welding a suitable technology for weldments that are made from metals of different
compositions and properties [1,2]. A dissimilar joint is as strong as the weaker of the two metals being
joined, i.e., possesses sufficient tensile strength and ductility so that the joint will not fail in the weld,
has good fatigue behavior [3].

Among them, Al/Ti dissimilar joints are of major interest in aeronautics and automotive
applications, where weight reduction, coupled with high mechanical strength and corrosion resistance,
are paramount. Between the different Al/Ti welding processes laser welding offers numerous
advantages. Especially in aluminum alloys when used in keyhole mode improves the absorption of
the beam due to the multiple reflections in the cavity [4]. Moreover, high energy density, high cooling
and heating rate allow for reducing the importance of mixing and diffusion phenomena, and thus
reduce the formation of intermetallic compounds in the case of dissimilar joints. An Al/Ti joint has a
remarkably lower elongation due to the high residual stresses, which facilitate the crack ignition and
propagation. Therefore, the quality depends heavily on the process parameters, which determine the
magnitude of thermal stresses [5].

The selection of the welding parameters is crucial for obtaining a satisfactory quality weld.
Residual stresses and temperature field in laser welding joints can be predicted by numerical analysis
such as a finite element one. The Finite Element Method has been one of the performing techniques

Metals 2017, 7, 307; doi:10.3390 / met7080307 141 www.mdpi.com/journal /metals



Metals 2017, 7, 307

to predict the joint properties in the welding process, which involves thermal, metallurgical and
mechanical phenomena.

The computation of thermal field relies strongly on the heat source model. Rosenthal was the
first researcher who proposed a model for the heat source in welding [6]. He proposed an analytical
solution considering a punctual or a line heat source. Since then, other more realistic models have
been proposed. For arc welding, several heat source configurations have also been proposed. Two and
three-dimensional approaches can be used. Zeng et al. described the thermal elastic-plastic analysis
using finite element techniques to analyze the thermos-mechanical behavior and evaluate the residual
stresses and welding distortion on the AZ31B magnesium alloy and 304L steel butt joint in laser-TIG
hybrid welding [7]. A modified three-dimensional conical heat source was used for performing
the simulation in arc welding [8,9]. In certain cases, the finite element model is integrated with
other computational techniques like artificial intelligence to establish an automated and iterative
optimization algorithm [10]. Zeng et al. calculated the thermal cycles and temperature distribution of
MIG welding of 5A06 aluminum alloy structure during discontinuous welding. The finite element
method transient heat transfer analysis was used to save computing time and improve calculation
accuracy [11].

For the fiber laser, Casalino et al. [12] developed and applied a stationary process with a surface
heat source model based on thermal load through several specific elements next to the welding
line. Other researchers [13] proposed the combination of Gaussian distribution on the surface and
distribution along the thickness to consider 3D distribution by applying the conical Gaussian heat
source model. They found that 3D conical Gaussian heat distribution can obtain better results with
high depth to width ratio (defined as the ratio between the weld penetration evaluated on the axis
of fused zone, and the width of the welded seam in the horizontal direction on the sample surface).
Nagel et al. [14] proposed some strategies for the optimization of the laser welding of high alloy steel
sheets using two different heat sources.

In this paper, two-dimensional and three-dimensional heat distribution was used for welding
laser simulation of dissimilar Al/Ti button joint. The objective of this study is to compare the two
approaches to establish the best model. The simulated fusion zone was compared with the macrograph
obtained from the experiment to calibrate the model. Then, the validation is based on the comparison
of the temperature profile measured with thermocouples during the welding cycle.

2. Experimental Setup

A laser butt joint has been produced from two plates of aluminum and titanium (3 and 2 mm,
respectively), according to the scheme of Figure 1. Tables 1 and 2 report the chemical composition of
the two alloys and the mechanical and thermo-physical properties at room temperature. Particularly,
the thermal conductivity has been considered as a function of temperature (Tables 3 and 4).

LASER BEAM
‘\.:
AASTS54 . TicAl4Y

Figure 1. Scheme of laser welding on AA5754/Ti6Al4V.
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Table 1. Chemical composition of AA5754 aluminum and Ti6Al4V titanium alloys (wt %).

AA5754
Si Fe Cu Mn Mg Cr Zn Ti Al
0.40 0.40 0.10 0.50 2.6-3.6 0.30 0.20 <0.15 balance
Ti6Al4V
C Fe Nz Oz Al \'% Hz Ti C
<0.08 <0.25 <0.05 <0.2 5.5 3.5 <0.0375  balance <0.08

Table 2. Mechanical and thermo-physical properties of the two alloys.

Property AA5754 Ti6Al4V
Young modulus [GPa] 70 114
Poisson ratio 0.3 0.3
Density [g/cm?] 2.7 44
Liquidus Temperature [K] 870 1923
Solidus Temperature [K] 856 1880

Table 3. Temperature dependent thermal conductivity of AA5754.

AA5754
Temperature Thermal Conductivity [W/mK]
293 138
373 147.2
473 152.7
573 162.7
673 152.7
773 158.75
873 138
1773 138

Table 4. Temperature dependent thermal conductivity of Ti6Al4V.

Ti6Al4V
Temperature Thermal Conductivity [W/mK]
293 6.01
773.15 14.78
793.15 15
823.15 15.15
953.15 17.20
993.15 17.80
1013.15 18.30
1053.15 18.80
1093.15 19.50
1113.15 20
1133.15 20.50
1153.15 21
1173.15 21.60
1273.15 23.91
1933.15 34.3

The experimental trials were carried out using an Ytterbium Fiber Laser System (IPG YLS-4000),
with a maximum output power equal to 4 kW (IPG Laser, Barbuch, Germany). The laser beam was
delivered through a 200 um optical fiber with a Beam Parameter Product (BPP) equal to 6.3 mm-mrad,
the product of a laser beam’s divergence angle (half-angle) and the radius of the beam at its narrowest
point. The laser beam, whose wavelength was 1070.6 nm, has been focused continuously through a
lens with focal distance of 250 mm producing a spot diameter of 0.4 mm on the workpiece surface.
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Argon and helium were employed as shielding gas with 10 L/min volumetric flow rate, particularly
Argon has been employed on the upper surface and helium on the bottom surface. The laser beam
axis was placed on the titanium side, some 1 mm far from the interface (laser offset). The welding
parameters have been 1200 W power at 1000 m/min welding rate.

The microstructure of the weld was analyzed by optical microscopy (OM; Nikon Epiphot 200,
Nikon, Tokyo, Japan) and Zeiss EVO scanning electron microscope (SEM, Zeiss, Oberkochen, Germany).
For optical microscopy observation, the transversal sections of the samples were cut and prepared
using the standard metallographic grinding and polishing techniques and attached using Keller
reagent (95 mL H,O, 2.5 mL HNOj3, 1.5 mL HCl, HF 1 mL). The dimension of the fusion zone (FZ)
was evaluated using NIS-Element software (version 4.5, Nikon, Tokio, Japan, 2016)) for the image
analysis. NIS-Elements is a Nikon software supplied with Epiphot 200 OM. The software is tailored to
facilitate image capture, object measurement and counting. Vickers microhardness profile (0.3/15) was
collected using a Vickers Affri Wiky 200JS2 microhardness tester (Affri, Wood Dale, IL, USA) at half of
weld cross section thickness. The distance between indentations was equal to 300 um. The hardness
at the Al/Ti fusion zones interface, where an intermetallic compound layer was observed, had been
identified with nanoindentation (0.01/15) using Leica VMHT (Leica Microsystems Wetzlar GmbH,
Wetzlar Germany) due to the reduced size of the layer.

Two thermocouple recording systems were placed in the middle of the plates, 2 mm distant
from the weld centre line in both titanium and aluminum side. The calibration of the two models
was carried out by comparing the size and shape of the fusion zone of the numerical model and
the experimental one. The validation of the model was made by comparing the experimental and
numerical thermal cycle.

3. Numerical Model

3.1. Model for the Plates

The plates of titanium and aluminum (200 mm x 50 mm) were joined along the long side.
The plates have different thickness, i.e., 2 mm for titanium one and 3 mm for Aluminum one.
The adopted mesh is the same for the two models. To obtain accurate results, a fine mesh was
adopted close to the welding line. Mesh size was determined rapidly by trial-and-error; likewise, it is
generally done in the literature. Mesh size is equal to 1 x 0.5 x 0.5 mm? inside of 10 mm from the
interface and the number of the nodes is equal to 20 along the x-axis. At a distance from the interface
higher than 10 mm, the mesh size increases along the x-axis. Particularly from 10 to 50 mm far from
the interface (the limit of the Al sheet), the number of the nodes is equal to 20, but the ratio in size
between the last element and first element in the distribution is 0.1 (arithmetic sequence). The mapped
mesh has 40,000 elements and 49,692 nodes. Figure 2 shows the results of the meshing procedure.

Figure 2. Mesh outlook.
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The numerical simulation was performed using the finite element code COMSOL Multiphysics.
Comsol Multiphysics is a Multiphysics modeling tool that solves all types of problems based on Finite
Element [15].

During the welding process, the transfer of heat is governed by the general equation heat flow (1a):

pCP% +pC,oVT 4+ Vg = hf (1a)
where

olg/ mmz] is the density of the metal as a function of temperature,

Cp [J/(g-K)] is specific heat of the metal as a function of temperature,

v [m/s] is the velocity field,

q[W/ mmz] is the heat lost to the surroundings by combination of radiation and convection
and conduction,

hf [W/mm?] is the heat source.

The heat lost is given by Equation (1b):

—q:eo(T;*—T‘*) +h(T, —T) (1b)

where ¢ is the emissivity of the surface and is taken as 0.5 for titanium and 0.3 for aluminum. o is
the Stefan-Boltzmann constant and is taken as 5.67 x 1078 W/(m?2.K*), T, is the room temperature
and was taken at 293 K. 1 is the heat transfer coefficient assumed equal to 20 W /(m?-K) for air and
200 W /(m?2-K) for the bottom surface in contact with the workspace.

When the contact is formed by pressing two similar or dissimilar metallic materials together, only
a small fraction of the nominal surface area is in contact because of the roughness and irregularities
of the contacting surfaces. When a heat flux is imposed across the junction, there are only a limited
number and size of the contact spots that results in an actual contact area. The actual contact area is
significantly smaller than the apparent contact area and causes a thermal contact resistance. There are
several analytic expressions for predicting the contact conductance, and several values in literature [16].
Based on these values, by acting on a contact resistance value, the calibration has been carried out by
comparing the fusion zones of the numerical model with the experimental results. Finally, the value
of contact conductance is assumed to be equal to 30,000 W /(m? K), for both of the two models [17].
Mechanical constraints were imposed for the simulation of the clamping system. Constraints were
imposed to the four exterior nodes of the plates so degrees of freedom were zero (no displacement
is permitted).

3.2. 2D Heat Source

Since the pioneering work of Rosenthal [6] that proposed punctual and linear heat sources, several
more realistic sources have been proposed. When the distribution along the thickness is not important
like in thin plates, the surface Gaussian heat source model is a good proposal for bed-on-plate cases
when both TIG and conductive laser welding must be simulated [18]. For the surface laser heat source,
the radius (R) should be calculated first by the formula written as [19]:

2M3Af

R = ,
Dy

@
where M3 is the beam quality equal to 1.1 for fiber laser, f is the focal length of the focusing lens and
Dy is the diameter of the lens.

For laser welding, the heat source of the laser beam was simulated by a traveling two-dimensional
distribution of heat source (Figure 3a). Particularly, the heat surface distribution was built by combining
two Gaussian distributions one in the plane XZ and one moving with welding rate v in plane YZ.
Those two Gaussian distributions were obtained, and, with an energy of about 99.7% of the total laser
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energy, a fusion of the titanium alloys was obtained. The heat source radius (R) was assumed equal to
three standard deviations of the Gaussian pulse (Figure 3b):

1 2 3 s

e 202 = e 2rR2 3)

W@=Gﬁ; FWr

b)

/TN 99,7%of the total
/ laser power

A N

-30 +30

Figure 3. (a) Combining of the two Gaussian distribution in plane XZ and XY, and (b)
Gaussian distribution.

The 2D total heat source (W) (Figure 4) is expressed in Equation (4):

hsop (%, ¥)op = Plaser[§P(x) X gp(y — vt)] 4)

heat_flux(x,y.1) (W/m~2)

x10°

15

Figure 4. Heat flux in 2D Gaussian heat distribution.

3.3. 3D Heat Source

For the three-dimensions laser source, the heat flux was described in the numerical model as a
volume and surface distributed heat flux:

hfSD = (1 - (P) [hfsur(x' y)}load + go[hfvol(z)]load (5)

where the coefficient ¢ is the energy fraction that will be introduced through the cylinder, and the
remaining energy will be introduced via the surface heat source (the value being used is 0.9).

For the surface, a Gaussian distribution was used, the heat source radius was equal to two
standard deviations of the Gaussian pulse under the assumption that 95.44% of the total fusion energy
of the titanium alloys was applied. In this case, considering the surface heat distribution proposed
by Goldak and Akhlagi [20], the surface heat flux hf . [W/ mm?] can be expressed as shown in
Equation (6):
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2
hfsur(x,y) = ngfere_% (6)
where 7 is the process efficiency (the value being used is 1), Pj,ee, is the laser power in W and R is the
heat source radius.
For volume heat source, a constant heat distribution cylinder was considering, with a radius Rgz
equal to those of the molten cylinder (Figure 5). The numeric value for volumetric heat source is given

by the ratio between the laser power and the volume of cylinder with a radius Rgz.

Figure 5. Total heat flux in 3D heat distribution.

Thus, finally, the keyhole is modelled in the software using the heat source radius, the radius of
the molten cylinder, measured by experimental results, and the energy fraction.

4. Results and Discussion

4.1. Metallurgical Characterization of Weld

The appearance of Ti6Al4V / AA5754 laser welded joint after chemical etching is shown in Figure 6.
Both titanium and aluminum alloy melted at the joint interface and separate fusion zones were
observed (Al side and Ti side) as well as two heat affected zone (HAZ) between FZ and the base
material. Good weld appearance of the cross section was obtained with full penetration and low level
of porosity. It was demonstrated that in aluminum-titanium dissimilar weld, porosity tended to be
produced in the fusion line. It happens that gases in the seam are hard to escape and concentrated in
the middle of fusion line during the solidification process [21]. In Figure 6, some gas trapping occurred
on both sides of the intermetallic layer but not in the intermetallic layer.

Figure 7 shows the Ti microstructure of the different zones showed in Figure 6, i.e., base material,
heat affected zone and fusion zone. The basic mental (BM) is composed of dark 3 phase in the
dominating bright o« matrix. Particularly, the 3 phase is distributed at the boundary of the «
grains. This is a typical microstructure for x-f titanium alloys in mill-annealed conditions [22].
The microstructure within the joint depends on the heat received from the laser beam, and varies
according to the distance from it. In FZ, a predominantly martensitic microstructure of acicular type
(«’) is present. In fact, as reported in literature [22-24], the microstructure of the laser fusion zone of
Ti-6Al-4V alloy is completely martensitic due to the high cooling speed from f field. The heat affected
zone is a mixture of martensitic and primary « grain. During the heat thermal cycle due to the laser
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heating, an increase of 3 phase results. However, due to the rapid cooling, that transformation is never
complete, so the microstructure of the HAZ is mixed, formed from martensitic grains and grain «.

TibAl4V

Figure 6. Appearance of Ti6Al4V /AA5754 laser welded joint after chemical etching.

FZ HAZ BM

Ti6Al4V

Figure 7. Microstructure of the various zones in Ti6Al4V and AA5754.

The base material aluminum alloy AA5754 was supplied in the annealed condition (Figure 7).
In the aluminum matrix, there are some second phases. These phases have been identified in literature
as (Fe,Mn)Alg, (Fe,Mn)3SiAl,, Mg,Si and Mg, Als [25-27].

The microstructure of the fusion zone exhibits a very fine dendritic microstructure due to the high
cooling rate. The dendrites grow in direction parallel to the direction of heat flow giving to columnar
grains [28,29]. In the HAZ microstructure, no detectable changes are evident to the OM; however, in
this zone, solubilization of magnesium based has been reported in the literature [30]. Figure 8 shows the
micro hardness profile (0.3/15) in the transverse section of the weld. The microhardness was very high
in the titanium FZ where the microstructure was martensitic. In the HAZ, the value diminished with
the lower amount of martensitic microstructure. The rise in the microhardness of the FZ of aluminum
in the weld was caused by the rapid cooling that produced a very fine solidification structure and solid
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solution strength. The increment in the HAZ of aluminum was due to the dissolution of magnesium
compounds during the welding cycle [30].
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Figure 8. Microhardness profile at half thickness of the weld cross section.

A layer of intermetallic compounds (IMC) formed between the two fusion zones (Figure 9), whose
stoichiometry was clarified in some paper [26,31,32]. This layer is due to the reaction in the temperature
of the two alloys, and the size is variable as a function of the process parameters [32]. Particularly for
the welding process parameters concerning this study, the average thickness of the IMC layer was
equal 50 & 5 um to and the average nanohardness value (0.01/15) was equal to 2485 4 232.

Figure 9. SEM Micrograph of intermetallic compounds (IMC) layer at the Al/Ti joint interface.

4.2. Calibration of the Model

After the simulation, the fusion zone was compared with the experimental one for calibration
purposes. Figure 10 shows the comparison between the simulated and experimental fusion zone
profile for aluminum and titanium. For both 2D and 3D heat source modeling, a complete penetration
of keyhole was obtained, and, particularly for the 2D heat source, the boundary of the fusion zone
obtained numerically had similar shapes in comparison with the experimental ones.
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Titanium
Titanium

Alluminuim
Alluminuim

a)

Figure 10. Calibration of (a) 3D and (b) 2D heat source models by the cross section of the weld.

In Tables 5 and 6, the dimensions of the fusion zone profile, respectively, in the top, middle and
bottom, are reported both for 2D and 3D numerical simulation and the experimental measure. A better
matching between the numerical and experimental results for the size of fusion zone has been obtained
using a 2D source.

Table 5. Dimension (mm) of the fusion zone profile in the aluminum side.

Aluminum Fusion Zone 2D Heat Source 3D Heat Source Experimental Data
Top 118 136 116
Middle 120 135 112
Bottom 114 135 108

Table 6. Dimension (mm) of the fusion zone profile in the titanium side.

Titanium Fusion Zone 2D Heat Source 3D Heat Source Experimental Data
Top 232 204 225
Middle 207 196 198
Bottom 226 187 196

In fact, by correctly adjusting keyhole parameter in 3D heat source, only the top width of the weld
was close to the experimental result, while the 2D heat source could almost precisely calculate the top,
middle and bottom width. The observed performance can be explained as follows. It is well known
that the behavior of heat flow depends on welding conditions [14,33]. For higher welding powers
and thinner plates, the heat flow is predominantly 2D, whereas for lower welding powers and thicker
plates, the heat flow was 3D. Therefore, there must be a transition thickness in which the heat flow has
a behavior, which is a mix of the 2D and 3D ones. Probably for the thin plates examined in this study,
the heat flow was predominantly 2D, and that is why 2D heat flow modelling is more appropriate.

Figures 11 and 12 show the temperature distribution on the top when the weld bead profile
reached the quasi-steady state. The thermal conductivity of the two materials influenced the position
of the maximum temperature in the melt pool and away from the melt pool. For both numeric
simulation, the maximum temperature was recorded within the titanium side, where the beam laser
was directed. The width of the heat affected zone in the aluminum side was greater due to the high
thermal conductivity of the aluminum alloy. On the contrary, the low thermal conductivity of the
titanium alloy leads to accumulating the heat over the metal by reducing the area interested from
metallurgical transformation.

150



Metals 2017, 7, 307

x103
1.8
1.6
1.4
1=2
1.0
0.8
0.6
0.4

Figure 11. Isometric view of temperature distributions (in Kelvin) using 2D heat source modelling.
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Figure 12. Isometric view of temperature distributions (in Kelvin) using 3D heat source modelling.

The shape of the weld pool longitudinal plane (Figure 13) showed a teardrop shape for the 2D
heat source. Thus, this means that probably the 2D heat source cannot perfectly simulate the laser
heat source. However, better results have been obtained using the 3D heat source; in this case, the
resulting molten puddle had an elliptical shape, which is more similar to the experimental pool shape
as shown by microstructure evolution of the grains (Figure 14) in the fusion zone. This shape of the
grains derives from the elliptical molten pool [24,34].

Ti6Al4V AA5754

3D HEAT SOURCE

Ti6Al4V AA5754

2D HEAT SOURCE

Figure 13. Weld pool numerical results for the numerical simulations.
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Figure 14. Interface zoom-up in the weld cross section ns.

4.3. Validation of the Model

The temperature cycle was measured in two different points that were placed 2 mm away from
the weld centerline on both sides of the weld (Figures 15 and 16). The temperature profiles were
compared with those obtained from the thermocouples. High thermal gradients, and fast cooling rate
were present, due to the laser process. When it concerns the temperature peak, the numerical results
matched the experimental one for both of the heat sources. Nonetheless, regarding the cooling rate,
the 3D heat source was more precise than the 2D one.

TITANIUM SIDE l ALUMINIUM SIDE

I 107
08 10 12 14 16 18

—— Experimental
------ Numerical

Experimental D
-~ Numerical
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Temperature [K]

Time [s] Time [s]

Figure 15. Experimental and numerical thermal cycle using 2D heat source modelling.
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Figure 16. Experimental and numerical thermal cycle using 3D heat source modelling.

5. Conclusions

In this paper, the numerical models to simulate the laser welding process of butt dissimilar Al/TI
joints were developed. Two different 2D and 3D heat source modelling processes have been utilized
to simulate the proper heat flux during the welding. The numeric results were compared with the
experimental ones to calibrate and to validate the two models. The metallurgical analyses showed
that the titanium fusion zone was principally martensitic, and the heat affected zone was a mixture of
martensitic and primary o« grain. In the aluminum fusion zone, a dendritic structure was present and
the heat affected zone was characterized by the solubilization of the magnesium compounds.

The FEM simulation of the thermal cycle of fiber offset welding was satisfactory. The following
points were demonstrated:

(1) The calculations for the fusion zone dimensions were accurate both for the 2D and the 3D heat
source. By using that 2D heat source, a better matching of numeric and experimental results was
obtained at the three levels at which the molten zone sizes were taken.

(2) In the longitudinal section, the numerical results were not as accurate for both of the heat
sources. For the 2D one, a teardrop shape of the molten weld pool formed while the 3D heat
source produced an elliptical one. It is possible to conclude that the 3D heat source can better
approximate the heat flux during laser welding and the maximum temperature gradients, which
determined the change in the grain growth direction in the titanium side.

(3) The overall thermal cycle accuracy was good for 2D and 3D heat sources. However, the 3D heat
source provided better results for the cooling rate simulation.
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Abstract: Of particular importance and interest are the effects of pulsed Nd:YAG laser beam
welding parameters on penetration and microstructure characterization of DP1000 butt joint, which
is widely used in the automotive industry nowadays. Some key experimental technologies including
pre-welding sample preparation and optimization design of sample fixture for a sufficient shielding
gas flow are performed to ensure consistent and stable testing. The weld quality can be influenced
by several process factors, such as laser beam power, pulse duration, overlap, spot diameter, pulse
type, and welding velocity. The results indicate that these key process parameters have a significant
effect on the weld penetration. Meanwhile, the fusion zone of butt joints exhibits obviously greater
hardness than the base metal and heat affected zone of butt joints. Additionally, the volume fraction
of martensite of dual-phase steel plays a considerable effect on the hardness and the change of
microstructure characterization of the weld joint.

Keywords: pulsed Nd:YAG laser beam welding; DP1000 steel; penetration; hardness;
phase transformation

1. Introduction

The need to reduce fuel consumption and greenhouse gas emissions motivates vehicle
manufacturers to utilize lightweight metals with better ductility and strength [1,2]. Nowadays,
dual-phase (DP) have already built a good reputation for performance and safety [3,4]. Meanwhile,
the application of DP steels unavoidably involves welding in the manufacturing process and
the properties of welded joints due to the integrity and safety requirements. Although such traditional
welding methods as resistance spot welding (RSW) [5], tungsten inert gas welding (TIG) [6], metal
inert-gas welding (MIG) [7], and gas arc [8,9] have been widely used, the advantages of laser welding
are also well known: energy efficiency, slight heat-affected zone, little heat input per unit volume, and
deep penetration [10]. The chief limitation, i.e., cost per watt, is swiftly falling with new advances
in laser technology [11]. Although in some cases a proper filler material may be demanded when
an interfacial gap attends to be filled [12], autogenous welding is still one of the most common forms
of laser welding.

Recently, many efforts have been performed to understand the sensitivity of the laser welding
process in advanced high-strength steels. Pulsed Nd:YAG laser welding has especially attracted
attention recently in many academic research and industry applications [13-19]. Tzeng [20]
used zinc-coated steel and attempted to make a laser welding joint without gas-formed porosity.
Xia et al. [21] used laser welding of DP steels and investigated the sensitivity of heat input and
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martensite on adjacent heat-affected zone (HAZ) softening. Several Nd:YAG and diode laser welds
were made on DP450, DP600, and DP980 steels over a wide range of heat input. Dong et al. [22]
studied the rate-dependent properties by means of a wide strain rate range, deformation, and fracture
behavior of DP600 steel and its welded joint (WJ) subjected to the Nd:YAG laser welding. Their
results showed that the DP600 W] exhibits continuous yielding at quasi-static strain rates and develops
a yield point at higher strain rates. Baghjari et al. [23] paid attention to the Nd:YAG laser welding of
AISI420 martensitic stainless steel as well as the sensitivities of voltage, laser beam diameter, energy
frequency, pulse duration, and welding velocity to the size and deformation of the welded joint.
However, previous studies [24-28] indicated that the mechanical properties of DP steel butt joint have
effects evident in the process operation parameters. This may be due to the soft zone formed in the
adjacent heat-affected zone (HAZ). Then the question arises how the welding parameter manipulates
the mechanical properties of DP steel butt joints by using laser welding. Although many efforts have
been made to improve the tensile properties of DP steel butt joints, investigations into the penetration
and microstructure properties of this kind of weld are limited. Therefore, it is essential to characterize
the weld penetration and microstructure in terms of multiple welding parameters.

The purpose of this article is to experimentally investigate the influences of key process parameter
on weld penetration of the fusion zone during pulsed Nd:YAG laser beam welding, and to analyze
the hardness and microstructure evolution of DP steel butt joint. In Section 2, the base material
used, DP1000, was characterized by some general mechanical tests. Section 3 introduces the main
experimental procedures including cutting surface preparation for pre-welding sample, pulsed
Nd:YAG laser beam welding, optimization design of welding sample fixture and the microstructure,
and hardness testing method. Section 4 provides some corresponding process parameter dependent
theory for a better understanding of the interaction between weld quality and process parameters.
In Section 5, the influences of laser welding parameters on depth penetration and micro-hardness
are analyzed and discussed, as well as the microstructure evolution before and after welding process.

2. Base Material Characterization: DP1000 Steel

The studied dual-phase steel (DP1000) sheet, a type of advanced high-strength steel (AHSS),
has been widely utilized in automotive or shipping structures such as frames, wheels, and bumpers.
DP steel contains a soft ferrite matrix with hard martensitic “islands”. It exhibits good performance
during the forming processes [29]. Figure 1 shows the microstructure of the experimental base material
by means of a Scanning Electron Microscope (SEM) (Hitachi, Tokyo, Japan). The selected DP1000 steel
with sheet thickness of 1.0 mm was supplied by the SSAB (Stockholm, Sweden) in as-received state.
Two identical sheets with dimensions of 40 mm x 14 mm (length x width) were in one butt joint
configuration after welding. The chemical composition is presented in Table 1.

Figure 1. Microstructure observation of dual-phase DP1000 steel used.
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Table 1. Chemical composition of the studied DP 1000 steel in wt %.

C Si Mn P S N Cr Ni Cu Al \% B Nb  Cekv
014 020 146 0.013 0.003 0.002 003 0.03 001 0051 001 0.0004 0014 0.39
Cekv=C+Mn/6+ (Cr+Mo +V)/5+ (Ni+ Cu)/15

In order to obtain the basic mechanical properties, as listed in Table 2, uniaxial tension tests along
the rolling direction (RD) were carried out with a nominal strain rate of 10~*s~1. A Shimadzu universal
tensile testing machine (Schimadzur, Kyoto, Japan) was used with a top capacity 100 kN. All tension
samples were cut by a water-jet and the dimensions complied with the ASTM E8 standard [30]. The test
was repeated four times to verify the reproducibility of the tested results. In order to accurately measure
the strain, a digital image correlation (DIC) system was adopted to capture the displacement fields.
The ARAMIS-5M commercial code [31] was utilized to obtain the strain from numerous optical images.
More detailed descriptions on this measurement technology can be found in previous works [9,32-34].
The macroscopic hardness of the base material was obtained using a Vickers hardness tester, namely
Shimadzu HMV-2000 (Schimadzu, Kyoto, Japan).

Table 2. Basic mechanical properties of the studied DP1000 (RD: Rolling direction).

Elastic Modulus, Poisson”  Yield Stress Ultimate Stress ~ Elongation = Hardness
E (GPa) Ratio v oy (MPa) oy (MPa) e (%) HV0.5

RD 210 0.3 779 1125 9.35 382

Direction

3. Experimental Procedures

3.1. Cutting Surface Preparation for Pre-Welding Sample

The sheet cutting processes usually involve heating and melting of a material. This can lead
to inhomogeneous microstructure changes and influence the performance of the materials used
in the subsequent welding process. For instance, Figure 2 illustrates a typical cross-sectional surface
cut by a guillotine, mainly including a cutting area, deformation area, rough area, and butt. This leads
to a significant anomalistic gap at the pre-welding sample inspection. In fact, laser beam welding
is seriously dependent on the position and surface quality of the prepared samples, especially when
a narrow laser beam is adopted. Thus, it is vital to cut precise edges for almost no gap between
the samples to be welded.

Anomalistic

gap

Figure 2. Illustration of a typical cross-sectional surface cut by guillotine and the anomalistic gap at the
pre-welding inspection.

In this work, to ensure all the samples are welded under the same configuration,
the inhomogeneous cross section of the cut sample was firstly machined flat using computer numerical
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control (CNC) and then the burr was carefully removed with sandpaper. To remove oil or other
impurities, the machined samples were cleaned with acetone. Figure 3 illustrates this additional and
important experimental preparation work, namely cutting surface preparation. It can be observed that
there is almost no gap, which leads to consistency in pre-welding inspection.

Sample 1 Ed 5 Sample2

Acetone
Clean

‘ Removed

burr

Figure 3. Cutting surface preparation for pre-welding inspection by using computer numerical
control (CNC).

3.2. Pulsed Nd:YAG Laser Welding Set-Up

In this work, pulsed Nd:YAG laser tested system, i.e., SISMA SWA300, was utilized to perform
experiments. Figure 4 shows the experimental apparatus used. The main parameters of the control
system are as follows: maximum mean power of 300 W, wave length of 1064 nm, maximum peak
laser power of 12 kW, maximum pulse energy of 100 J, and the range of pulse range from 0.2 ms to
25 ms. To ensure the pool of the butt joint against the oxidation, argon shielding gas with high purity
(99.99%) was supplied to both bottom and top surfaces of the specimens at a gas flow rate of 10 L/min.
A solid state pulsed Nd:YAG laser with the above parameters is appropriate for fiber passing from
the resonator to the laser beam head. This ensures that little welding occurs far from the laser source.
It is particularly useful for large or complex structures. In this work, the distance between the laser
exit and the sample was set at a value of 105 mm with optimal resolution.

Figure 4. Experimental apparatus of pulsed Nd:YAG laser welding.

3.3. Design Optimization of Welding Sample Fixture

In order to avoid accidental misalignment or movement during laser welding, a characteristic
welding sample fixture has been designed to ensure stable and consistent experimental tests.
It is a relatively simple but good enough sheet metal sample fixture. It includes three steps to assemble
the welding samples, as shown in Figure 5. The samples snap into place and clamp with screws along
the longitudinal and normal directions.
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Experimental samples
‘with developed fixture

Figure 5. Design of welding sample fixture.

For laser welding, the flow ways of assisted gas inlet are usually ignored or at casual placement
during the pre-welding preparation. In this work, a two-hole inlet structure design (see Figure 6) of
assisted gas flow was developed to ensure that both the top and bottom surfaces of the welding sample
have entire shielding gas during the welding process. Figure 7 compares three types of assisted gas
solutions, i.e., without assisted gas, one-hole inlet structure, and two-hole inlet structure. It indicates
that the design with a two-hole inlet structure allows the possibility of reducing the oxidation on both
the top and bottom weld surfaces.

2-hole inlet

2-hole inlet

Figure 7. Comparison of welding top surface quality with different assisted gas inlet structures.

3.4. Microstructure and Micro-Hardness Testing

The microstructure examination was conducted by means of scanning electron microscope (SEM).
The etching condition was carried out through the immersion of the samples with 5% nital solution.
The first macro-hardness tests were performed with a holding time 10 s using a Vickers hardness tester,
namely Shimadzu HMV-2000 (Shimadzu, Kyoto, Japan). The test force of 20 mN can be used as well as
the application of 115° triangular pyramid indenter. The distance between the test positions is 0.25 mm.
The second is a CSM Nano-indenter (TTX-NHT, CSM Instruments, Neuchatel, Switzerland) used for
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the small-scale micro-hardness measurement. The tested samples were polished by emery particle
paper TTP2000 (Zebra Technologies, Lincolnshire, IL, USA). For the measurement of weld penetration,
a microscope, namely Mitutoyo™ (Kanagawa-ken, Tokyo, Japan), was used. All the corresponding
experimental tests were sufficiently spaced to prevent any underlying obstruction of strain fields
giving rise to contiguous indentations.

4. Process Parameter Dependent Theory

4.1. Process Parameters Relationship of General Laser Welding

To obtain exhaustive penetrated high-quality joint after laser beam welding, it is essential to
study the optimal process conditions. Generally, they consist of three main groups: laser beam
parameters (diameter, wavelength, power, and divergence), sample capabilities (material density,
thermal conductivity, thickness, potential heat of melting and cooling), and key welding parameters
(velocity, shielding gas direction, surface absorptivity, and focusing element length). Compared to
absorptivity about 10-20% at room temperature for most steels, it is able to increase to 80-90% during
heating and leaps when the material’s melting point is reached. The basic relationship of necessary
heat Q and mass m can be explained by [35]:

Q = m[c(Tw — To) + L], 1)

where ¢, Ty, Ty, and L;, are the particular heat, melting and initial temperatures, and potential heat of
melting, respectively. For continuous laser beam welding, the above relationship can be transformed
as follows:

Q/t = pDhv[c(Tm — To) + L], (2)

where Q/t denotes requested power for melting. p, D, h, and v are the density, laser diameter,
penetration, and welding velocity, respectively. The depth of penetration is obtained by:

L Q/t
PDU[C(Tm - TO) + Lm} ’

®)

Including the absorption of weld surface and the losses of heat conduction, the calculation of
penetration is estimated as:

h= KDil}' 4

where P and « are the power and a constant associated with surface absorption and latent energy losses.
P /v defines the ratio of heat input to a unit length. The penetration depth is related to the adopted
power and is proportionally opposite to laser spot diameter and welding velocity. More detailed
descriptions of pulsed laser parameters can be seen in the next section.

4.2. Pulse Welding Parameters

For a pulsed laser, the main conditions, i.e., flash lamp charging voltage U (V), frequency f (Hz),
and pulse duration t (ms) are three key process parameters in terms of laser source. The practical pulse
energy E (J) can be defined by the above parameters. Peak power Py, (kw) is given by a portion of
laser beam energy and pulse duration as follows:

Pyeat = E/t. 5)

For a given spot size, the laser beam intensity is dependent on peak power. Average laser power
P (W) is defined as a product of practical energy and frequency:

P = Ef, (6)
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and gives the laser welding velocity. Nowadays, the first general pulsed laser welding method is spot
welding. It is also generally applied for rude fixing of structures to be subsequently seam process.
One typical advantage of this procedure is to mitigate dimensional distortions caused by high thermal
gradients with respect to power density. To obtain successive strict welds, pulse overlap (Pp) must be
adopted as well as the appropriate combination of welding parameters. Thus, pulse overlap can be
given by:
v
DF
Compared to conventional and continuous laser beam welding, higher pulse densities result
in higher thermal transformation rates. This could induce weld defects and inhomogeneous
microstructure. Thus, another important parameter, namely effective peak power density (Depp),
should be considered for the important contribution of weld quality. It can be defined by a product of
peak power density (D) and overlapping factor Oy:

Po=1- @)

Depp = O X Dypp, with Oy = 8)

1-P5
4.3. Design of Experiments for Laser Welding

In order to explore the effects of each single process factor on penetration and microstructure
properties of DP steel, experimental design is performed. First, determine the parameters that ensure
fairly good laser quality. In other words, the full weld penetration should be obtained. Then, based
on the full weld penetration, further process parameters optimization can be performed to analyze
the effect of microstructure properties, e.g., micro-hardness. Additionally, the optimal weld should
ensure no cracks, high resistance, a suitable size and shape of melting fusion, and so on.

Table 3 presents the selected welding parameters of the experimental plan. More detailed lists of
each analyzed welding parameter are given in the Appendix A, Tables A1-A6. In each set of one-factor
experiments, only one parameter was varied, keeping all the other parameters fixed to identify
the sensitivity of the one tested parameter. Seven different types of pulse, i.e., a simple rectangular
pulse, a modular pulse with three sections, a rectangular pulse with a ramp start, a rectangular pulse
with a ramp end, a rectangular pulse with a ramp start and end, the emission of laser beam pulses with
three consecutive equal intervals of 1 ms, and a pulse with simple power divided to be better resolution
at low power, were analyzed and discussed. It should be noted that the first simple rectangular pulse
is the best and most widely used in real or experimental tests.

Table 3. Design of experiments for welding parameters.

Series Parameters Variation of Single Factor
A Power percent (%) 20, 40, 60, 80, 86
B Duration (ms) 0.3,3,6,9,12,15,18,21,23
C Overlap (%) 0, 20, 40, 60, 80, 95
D Laser beam diameter (mm) 0.6,0.8,1.0,1.2,14,1.6,1.8,2.0
; Pulse e O dnl (Al D (A [
F Velocity (mm/s) 0.1,1.0,1.5,2.0,2.7

5. Results and Discussions
5.1. Effects of Laser Beam Parameters on Weld Penetration

5.1.1. Effects of Laser Beam Power on Weld Penetration

Laser beam power was changed in the interval from 20% to 80%. Figure 8 shows the weld surfaces
on the top and bottom and at the beginning (left side) and end (right side) of the perpendicular
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longitudinal section. It can be observed that the weld penetrations reach almost full when the power
percentages are higher than 60%. However, the 40% laser power is obviously insufficient. In addition,
there are some spatters on the top weld surface when the laser power percent is larger than 60%.
This might be due to the clamping force on the samples. The potential question of thermodynamic
instability in the welding pool arises.

As shown in Figure 9, it is possible to estimate that the ideal power for the welding of the studied
case should be between 40% and 60%. Weld penetration has a sharp rise in this range of laser power.
However, the sensitivity of the weld penetration to laser beam power greater than 60% becomes less
pronounced. In a word, the effects of power on penetration are significant and must be taken into
account during laser welding applications.

Top (15x) Bottom (15x Perpendicular section(15x)

Figure 8. Comparison of weld surfaces under different laser beam powers.

Laser beam power vs. Penetration
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Figure 9. The effects of laser beam power on penetration.

5.1.2. Effects of Pulse Duration on Weld Penetration

Figure 10 reveals that the greater the pulse duration the deeper the weld penetration. The longest
pulse duration of 21 ms and/or 23 ms induces full penetration. By varying the pulse duration and
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keeping the energy constant, the longer the pulse duration, the lower the energy received by the part,
leading to a decrease in penetration. However, in reality, the high pulse duration is not recommended.
This is because too high a pulse duration can cause the pulse overlap to not be constant, especially
for continuous laser beam welding. Therefore, the experimental results of these samples over a long
time are not reliable, but only provide a trend or sensitivity reference. For the analyzed DP1000 steel,
the optimal duration of the pulse should be in the middle range, from 9 ms to 15 ms.

Pulse duration vs. Penetration
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Figure 10. The effects of pulse duration on weld penetration.

5.1.3. Effects of Overlap on Weld Penetration

It can be understood from Equations (7) and (8) that overlapping is related to the selection of pulse
duration, spot size (diameter), and traverse velocity for a specific mean power. In this work, a series of
overlap values were tested experimentally to assess the effects on weld penetration. Figure 11 shows
that the overlap seems not to affect the weld penetration, but only up to the value of 80%. For the last
sample applied to an overlap of 95%, the laser pulse is similar to the continuous laser as the pulses
are almost constant. For this value of overlap, the samples are completely melted and crossed by
the beam. The suitable overlap should be less than 80%, although it hardly affects weld penetration for
pulsed Nd:YAG laser beam welding.

Overlap vs. Penetration

1.0 /‘
08
g
E/ /
206
g
E /
504 e
[=9

0.2

0.0 T T T T T ]

0%  20% 40% 60% 80% 95%
Overlap

Figure 11. Effects of overlap on weld penetration.

5.1.4. Effects of Spot Laser Diameter on Weld Penetration

Figure 12 shows that an increase of diameter decreases the weld penetration. This experimental
result is consistent with the theoretical relationship in Equation (4). It is known that a greater diameter
leads to smaller power density due to the larger area in the same laser beam power. The small power
density induces a decrease in the laser impact in the piece. In other words, when the diameter decreases
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or the power is channeled to a smaller point, the laser beam should be more concentrated and potent,
causing an increase in weld penetration.

Spot laser diameter vs. Penetration
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Figure 12. Effects of spot laser diameter on weld penetration.

Figure 12 indicates that the penetration decreases sharply when the applied spot diameter
increases from 1.2 mm to 1.4 mm. To further observe the distinction, the weld surfaces under different
spot diameters are compared in Figure 13. Meanwhile, there are some significant fusion spatters on
the top and bottom weld surfaces when the spot diameter is smaller than 1.0 mm. This might be
because the thermodynamic behavior in the welding pool manifests shrinkage when a small laser
beam spot size is applied. These additional spatters imply that the weld penetrations are sufficient.

0.6 mm _ 0 m

2.0 mm

Figure 13. Comparison of weld surfaces under different spot diameters.

5.1.5. Effects of Pulse Type on Penetration

Figure 14 compares the effects of seven different pulse types on weld penetration. It indicates that
the pulse type has no significant effect on penetration, with the exception of the last type, namely scale
expanded pulse. This special pulse type results in a low penetration (Height h = 0.3 mm) compared to
the others (between 0.5 mm and 1.0 mm). This is because the pulse with simple power is divided to be
better resolution at low power. However, this kind of pulse maintains a penetration that is virtually

constant throughout the cord. It should be noted that the “scale expanded” pulse is used mainly as
heat treatment.
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Figure 14. Effects of pulse type on weld penetration.

5.1.6. Effects of Welding Velocity on Weld Penetration

As shown in Figure 15, the penetration seems to be directly influenced by the welding velocity:
The higher the welding velocity, the deeper the weld penetration. In the case of DP1000 laser beam
welding, weld penetration has an obvious increase for the low bound of the acceptable welding velocity
that the welding velocities are less than 1.5 mm/s. The relationship between welding velocity and
penetration may be explained as follows: The greater the welding speed, the less time the material
has to cool, so the temperature of the material increases until the end of the weld. The fusion
material becomes “softer” and facilitates the penetration of the laser beam, especially for a thin
sheet. In addition, the cycle of heating and cooling makes a different change in the microstructure of
the material, e.g., causing an increase in the hardness of the material, hindering further penetration.

Welding velocity vs. Penetration
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Figure 15. Effects of welding velocity on penetration.

5.1.7. ANOVA for Quadratic Model of Weld Penetration

According to the design of experiments for welding parameters listed in Table 3, the second-order
polynomial (regression) equation used to represent the response surface R(x) is given by:

R(x) = Bo+ Y Bixi + ) puxi® + ) ) Bijix; + 1], ©)
i=1 i=1 i j>1

where f is the polynomial coefficient, # is the minor error, and 7 is the number of design variables
(six factors in this work). Statistical testing of the empirical models has been done by Fisher’s
statistical test for Analysis of Variance—ANOVA. Table A7 shows that the ANOVA tests applied
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to the individual coefficients in the model are significant. The F-value is the ratio of the mean square
due to regression to the mean square due to residual. The Model F-value of weld penetration response
is 12.94, which implies that the models are significant. There is only 0.36% chance in the weld
penetration response model that the “Model F-Value” could occur due to noise. The determination
coefficient of the regression analysis results is R* = 0.966, indicating a high degree of correlation
between the experimental values and empirical calculated values obtained from the response models.

5.2. Effects of Laser Parameters on Hardness and Its Microstructure Observation

In order to evaluate the microstructure evolution of the material before and after laser beam
welding, one of the optimal welding parameters, as listed in Table 4, can be obtained through the above
experimental sensitivity analyses. The tested sample had full penetration with almost no oxidation
and spatter on both top and bottom surfaces. Figure 16 shows the weld surfaces of fusion zone using
these optimal parameters.

Table 4. Optimal welding parameters of DP 1000 steel used.

Material Power Pulse Overlap Diameter Velocity Energy Pulse
(%) Duration (ms) (%) (mm) (mm/s) ()] Type
DP1000 57 9.0 60 0.6 0.3 45 Rec.

(@)

Figure 16. Weld surfaces of fusion zone using the optimal parameters: (a) Top surface (15x); (b) bottom
surface (15x); (c) perpendicular longitudinal section.

5.2.1. Microscopic and Macroscopic Hardness

The hardness is considered an important indicator of welded joint properties and performance.
Too much hardness inside the fusion and the heat-affected zones require higher pre-heat temperatures,
slower cooling, and more complicated hydrogen controlled welding procedures [16]. The laser
Nd:YAG process gives higher hardness values compared to other processes [20]. Thus, the mechanism
of formation of softening zones HAZ and fusion zone (FZ) of the welded joint should account for
the high capability of the welds. In this work, the metallurgical properties of the welded joint of DP1000,
including the variations of microscopic and macroscopic hardness of FZ and HAZ under optimal
welding parameters, are observed experimentally. According to Taylor et al. [31], the microscopic and
macroscopic hardness can be transformed into the same unit for comparison, as listed in Table 5.

Table 5. Comparison of average measured hardness.

Material Tested Micro-Indentation Vickers
Base DP 1000 steel 425 HV (10.7 GPa) 382 HV
Heat-affected zone 372 HV (9.36 GPa) 316 HV

Fusion zone of weld 504 HV (14.5 GPa) 449 HV

Figure 17 shows the micro-indentation hardness distribution and measured macroscopic hardness
of laser welded DP1000 steel butt joints. The fusion zone (FZ) of welded joints shows higher
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hardness than the base metal and HAZ of butt joints. Table 5 shows that the hardness in the HAZ
is lower compared to the base metal. The previous study indicates that the soft zone in the HAZ of
the dual-phase butt joints is caused by the tempering of pre-existing martensite [20].

18 600 f f\.f (b)
£ 15 g S0 : ;
) z ;
T g 400 7
% g : ; r’
£ 9 -g 300 i ;
E 6 8 200 : \ /
S 5 HAZ FZ P HAZ N
§ 3 = 100 . .
0 0

159 1317 21 25 29 33 37 41 45 49 53 57 s s 7 0 113 a5 17 19 a1 23

Indentation number Vickers testpoint

Figure 17. (a) Micro-indentation hardness; (b) measured macroscopic hardness (HAZ: Heat-affected
zone; FZ: Fusion zone).

5.2.2. Microstructure Characterization of Nd:YAG Laser Welded Joint

The SEM examinations of HAZ and FZ regions, as shown in Figure 18, indicate that
the microstructure of DP1000 steel butt joints in FZ region is martensitic together with a few
encompassing ferrite and bainite molecules. The changeable hardness in the FZ of DP1000 butt
joints reveals the existence of a so-called multiple-ingredient microstructure. The quick-cooling process
of the weld butt pool during the laser welding should lead to the production of martensite in the FZ
region. Thus, the martensite volume fraction of dual-phase steels should play a considerable effect on
the change of microstructure characterization during the laser beam welding.

(a) (b)

Figure 18. SEM micrographs showing the microstructure change of laser welded DP1000 steel butt
joints: (a) HAZ; (b) FZ.

This may be explained as follows: Firstly, the peak temperature experienced in the soft zone during
laser beam welding seems to result in a partial disappearance of pre-existent martensite. It is likely that
the peak temperature in the soft zone can be high enough to stimulate partial martensite-to-austenite
solid state transformation. Meanwhile, the subsequent cooling phase might not provide a trigger
of the backward austenite-to-martensite solid state transformation, or full martensite-to-austenite
transformation in the heating phase and partial austenite-to martensite transformation in the cooling
phase, or both partial transformations in the heating and cooling phases during the welding thermal
cycle. Actually, the occurrence of the microstructure change depends on the location within the welded
joint, in terms of the complexity of the temperature field changes. Secondly, if there was no occurrence
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of the abovementioned solid-state phase transformations, the presence of a higher amount of martensite
in the DP steels might cause greater tempering of pre-existing martensite in the HAZ, giving rise to
more severe softening in this material.

6. Conclusions

The pulsed Nd:YAG laser beam welding of dual-phase DP1000 steel is addressed using
theoretical and experimental methods. Some key experimental technologies, including cutting surface
preparation for pre-welding sample and optimization design of welding sample fixture for a sufficiently
shielding gas flow, are performed to ensure consistent and stable testing. For a better understanding
of the interaction between weld quality and process parameters, a parameter-dependent theory
is introduced. The main conclusions are as follows.

1. Theideal laser beam power for welding in the studied case should be between 40% and 60% with
a sharp rise. However, the sensitivity of the weld penetration to the greater than 60% laser beam
power becomes less pronounced.

2. The greater the pulse duration, the deeper the weld penetration.

3. The overlap seems not to affect the weld penetration, but only up to the value of 80%.

4. The weld penetration has a sharp decrease when the applied spot diameter increases from 1.2 mm
to 1.4 mm.

5. The pulse type has no significant effect on penetration, with the exception of the scale
expanded pulse.

6. The penetration seems to be directly influenced by the welding velocity, i.e., the higher
the welding velocity, the deeper the weld penetration.

7. The ANOVA tests applied to the individual coefficients in the regression model show that
the Model F-value of weld penetration response is 12.94, which implies that the models
are significant. The determination coefficient of the regression analysis results indicates that
a high degree of correlation between the experimental values and empirical calculated values
is obtained from the models.
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Appendix A

The detailed design of experiments on the effects of each analyzed welding parameter on weld
penetration are presented in this section.

Table Al. Experimental plan for the effects of laser beam power on weld penetration.

Series Power Duration Overlap Diameter Pulse Energy Velocity ~ Max. Velocity
(%) (ms) (%) (mm) Type (1)) (mm/s) (mm/s)
Al 20 24.0 6.3
A2 40 43.5 35
A3 60 - - - - 66.1 - 2.2
A4 80 91.6 1.6
A5 86 100.0 1.4
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Table A2. Experimental plan for the effects of pulse duration on weld penetration.

Series Power Duration Overlap Diameter Pulse Energy Velocity =~ Max. Velocity
(%) (ms) (%) (mm) Type (1)) (mm/s) (mm/s)
B1 0.3 1.3 10
B2 3 13.0 10
B3 6 26.1 58
B4 9 Simple 39.1 39
B5 50 12 50 1.3 rectarll) lar 52.2 1.4 29
B6 15 & 65.2 23
B7 18 78.3 19
B8 21 91.3 1.6
B9 23 100.0 1.4
Table A3. Experimental plan for the effects of overlap on weld penetration.
Series Power  Duration Overlap Diameter  Pulse Energy  Velocity = Max. Velocity
(%) (ms) (%) (mm) Type ()] (mm/s) (mm/s)
C1 0 55
Cc2 20 44
c3 40 Simple 3.3
C4 50 125 60 13 rectangular 543 02 2.2
C5 80 11
C6 95 0.2
Table A4. Experimental plan for the effects of spot laser diameter on weld penetration.
Series Power Duration Overlap Diameter Pulse Energy Velocity ~ Max. Velocity
(%) (ms) (%) (mm) Type (1)) (mm/s) (mm/s)
D1 0.6 1.2
D2 0.8 17
D3 1.0 21
D4 12 Simple 2.5
D5 50 125 50 14 rectangular 543 12 3.0
D6 1.6 34
D7 18 3.8
D8 2.0 43
Table A5. Experimental plan for the effects of pulse type on weld penetration.
Series Power Duration Overlap Diameter Pulse Energy Velocity ~ Max. Velocity
(%) (ms) (%) (mm) Type 0 (mm/s) (mm/s)
El [l 54.3 27
E2 i 545 27
B 50 12.5 50 1.3 [fl_’ 590 2.6 26
E4 n 59.0 2.6
E5 N 56.9 2.6
E6 53.4 28
E7 Wi 28.5 53
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Table A6. Experimental plan for the effects of velocity on weld penetration.

Series Power  Duration Overlap Diameter Pulse Energy Velocity ~ Max. Velocity
(%) (ms) (%) (mm) Type (1)) (mm/s) (mm/s)
F1 0.1
F2 Simple 10
F3 50 12.5 50 1.3 rectangular 54.3 1.5 27
F4 2.0
F5 2.7
Table A7. ANOVA for quadratic model of weld penetration.
Source SS DF MS F-Value p-Value Evaluation
Model 1.446 14 0.13 12.94 0.0036 Significant
A 0.115 1 0.12 10.37 0.0181
B 0.010 1 0.010 0.88 0.3839
C 0.379 1 0.379 34.13 0.0011
D 0.014 1 0.014 1.30 0.2976
E 0.003 1 0.003 1.02 0.3505
F 0.008 1 0.008 2.59 0.1587
AB 0.074 1 0.074 6.65 0.0419
AC 0.138 1 0.138 12.40 0.0125
AD 0.003 1 0.003 0.28 0.6188
AE 0.060 1 0.060 5.36 0.0599
AF 0.045 1 0.045 4.02 0.0919
BC 0.099 1 0.099 8.91 0.0245
BD 0.073 1 0.073 23.42 0.0029
BE 0.020 1 0.020 6.48 0.0437
BF 0.065 1 0.065 20.66 0.0039 -
CD 0.079 1 0.079 25.35 0.0024
CE 0.040 1 0.040 12.73 0.0118
CF 0.009 1 0.009 2.81 0.1447
DE 0.007 1 0.007 2.40 0.1724
DF 0.019 1 0.019 5.93 0.0508
EF 0.154 1 0.154 49.40 0.0004
A2 0.001 1 0.001 0.09 0.7744
B2 0.001 1 0.001 0.05 0.8341
C2 0.013 1 0.013 1.13 0.3293
D2 0.002 1 0.002 0.17 0.6938
E2 0.080 1 0.080 25.61 0.0023
F2 0.007 1 0.007 2.30 0.1798
Residual 0.067 6 0.011 - -
Total 1.512 20 - - -
R? = 0.966; SS—sum of square; DF—degree of freedom; MS—mean square.
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Abstract: Welding between Fe and Al alloys is difficult because of a significant difference in thermal
properties and poor mutual solid-state solubility. This affects the weld microstructure and causes
the formation of brittle intermetallic compounds (IMCs). The present study aims to explore the
weld microstructure and those compounds over two different technologies: the laser offset welding
and the hybrid laser-MIG (Metal inert gas) welding. The former consists of focusing the laser beam
on the top surface of one of the two plates at a certain distance (offset) from the interfaces. Such a
method minimizes the interaction between elevated temperature liquid phases. The latter combines
the laser with a MIG/MAG arc, which helps in bridging the gap and stabilizing the weld pool.
AISI 316 stainless steel and AA5754 aluminum alloy were welded together in butt configuration.
The microstructure was characterized and the microhardness was measured. The energy dispersive
spectroscopy/X-ray Diffraction (EDS/XRD) analysis revealed the composition of the intermetallic
compounds. Laser offset welding significantly reduced the content of cracks and promoted a narrower
intermetallic layer.

Keywords: laser offset welding; hybrid welding; microstructure; intermetallic layer

1. Introduction

Lightweight metals and their alloys are increasingly used as efficient structural materials.
The reduction of the overall weight of a vehicle decreases the fuel consumption and carbon emissions.
This accomplishment is highly requested for automotive, aerospace, and shipbuilding industries [1].
Aluminum is one of the most popularly used lightweight metal, thanks to its low density, good
corrosion resistance, and excellent workability [2]. Replacing conventional steel components with
hybrid dissimilar Al-Fe assemblies is beneficial to improve flexibility, vehicle energy efficiency, and
cut down the manufacturing costs.

Achieving a reliable fusion welded joint between Al and Fe alloys is challenging, due to the low
mutual solid solubility and the large difference in thermal properties. This includes the melting points
(660 versus 1535 °C), the thermal conductivities (238 versus 77.5 W-m~!1-K~1), and thermal expansion
coefficients (23.5 x 107 and 11.76 x 10~°/K). Additionally, the nearly-zero solid state solubility of
Alin Fe, and the zero solubility of Fe in Al result in the formation of brittle intermetallic compounds
(IMCs), which deteriorate the mechanical properties and form cracks [3,4]. According to Fe—Al phase
diagram [5], IMCs include Fe-rich compounds (FeAl and Fe3Al) and Al-rich compounds (FeAl, Fe,Als,
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and FeAls). The crystalline arrangement suffers from low mobility of dislocations and slip systems.
Thus, the formation of Al-Fe phases plays a key role in achieving an effectual connection between
the two metals, but the excessive formation of IMCs results in brittleness and degrades the strength
of the joint [3]. Furthermore, a “strength-mismatch effect” was observed in between two different
steels [6,7]. The mismatch characteristic of the weld is to ensure that the welded joint withstands
in-service constraints and provides good weld quality [8].

Some authors demonstrated the feasibility of using friction stir welding (FSW) for producing
tough Fe—Al welds [9-14]. However, laser welding is potentially a more attractive technology for
dissimilar joining, mostly in automotive and aerospace applications, thanks to its high versatility,
precision, and productivity. It exhibits locally focused energy delivery in a small spot size and high
process speed, which provides a smaller weld pool, higher cooling rate, and a shorter reaction time for
IMC growth.

Since the thermal gradients and the reaction time determines the width of the IMC zone, one of the
main concerns of researchers is the investigation of the welding conditions which minimize the growth
of brittle phases. The control of temperature at the interfaces is fundamental for the right growth
of the IMC layer. Meco et al., analyzed the transient thermal cycle of the laser-material interactions’
fundamental parameters. The growth and distribution of IMCs correlated with the thermal cycle [15].
Qin et al., developed a finite element model to investigate the temperature fields in the weld zone
during laser-arc welding. They found that the distribution of the temperature and the reaction time
is not uniform along the thickness, which leads to non-uniform IMC layers [16]. Gao et al., proved
that the non-uniformity in the thickness and the irregular shape of the interface increase with the heat
input [17]. Recent studies showed that the intermetallic bond is altered by post-welding heat treating
the joint [18].

Apart from the extension of the reaction area, the properties of IMCs are hugely responsible
for the weld resistance. Chen et al., proved that the interposition of a Ni-foil interlayer improves
the toughness, even if additional IMCs form [19]. The composition of the filler material is highly
influential on the seam properties. Mathieu et al., adopted a hot wire to improve the adhesion of the
filler material at the interfaces and demonstrated how the welding conditions are responsible for the
zone in which the fracture occurs [20]. Dharmendra et al., used a low-melting point Zn-15Al filler
alloy, which exhibited good wetting properties [21]. Song et al., explored how the dynamics of Al-Si
filler material at liquid state affect the morphology of the weld [22]. Finally, the interposition of Al-Si
filler material during resistance spot welding was used in overlap configuration [23].

The combination between laser and arc into a hybrid process improves the process robustness
and stability, enables deeper penetration, provides compensation for the geometrical defects and
misalignments, and ensures tolerance in joint fit-up and wider control of weld metallurgy [24,25].
Among process parameters, the power distribution has proved to have a deep impact on the weld
quality for similar and dissimilar welding [26-28].

The laser offset welding (LOW) was used to weld dissimilar assemblies. The beam focused on
the top surface of one of the two materials to promote a liquid-solid interaction, which produces the
bond. Such a method limited the growth of an IMC layer and promoted the diffusion through the
liquid-solid boundary, without mixing liquid phases at elevated temperature. This approach was used
for several dissimilar welds [29-33]. Pardal et al., reduced the mutual inter-diffusion and the thickness
of IMCs by carrying out the dissimilar Al-Fe joining process in conduction mode. Aluminum melted
but the steel did not, so a liquid-solid interface formed in the volume of the weld [34].

In this work, a comparative study between laser offset and hybrid laser welding of AA5754
and 316 stainless steel is presented. The morphology of the weld was revealed by visual inspection.
The microstructure and interlayer were characterized by optical and electron microscopy. The phases
and their distribution were identified by microhardness, which was compared with data available
in the literature. The EDS/XRD analysis revealed the composition of the intermetallic compounds.
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The overall result showed an effective bond between aluminum and steel, if complex interactions are
controlled and limited to a small amount.

2. Experimental Procedures

2.1. Material Properties and Weld Configuration

In this study, the butt weld geometry was used for testing the weldability of a dissimilar Al-Fe
weld. The dimensions of the sheets (length x width x thickness) were 100 x 50 x 3 mm? for the
aluminum sheet and 100 x 50 x 2 mm?3 for the steel one. The difference in plate thickness was chosen to
improve the wettability of aluminum on the steel. 0.8 mm diameter AISI 316 steel filler wire was used
for the hybrid laser-arc process. Tables 1 and 2 show the characteristics of the as-received materials.

Table 1. Chemical composition of the as-received materials (wt %).

Metal C Al Cr Mn Mo Mg Ni Ti P S Si Fe
AISI316  0.08 - 18 2 3 - 14 - 0.045  0.03 1 balance
AA5754 - balance 030  0.50 - 3.6 - 0.15 - - 0.40 0.40

Table 2. Properties of the as-received materials: ultimate tensile strength (UTS), yield stress (YS), Young
module (E), elongation to fracture %( A%), Vickers microhardness (HV), thermal conductivity (K),
Liquidus Temperature (Ty), density (p), specific heat capacity (c).

Metal UTS (MPa) YS(MPa) E(GPa) A% HV K(W/(m-K) T (°C) p (g/em®) c(J/(g-°Q)

AISI 316 580 290 193 50 178 16.3 1400 8 0.5
AA5754 230 80 68 17 62 147 600 2.66 0.9

2.2. The Welding Procedures

The welds were produced using two different technologies: the laser offset welding (LOW) and
the hybrid laser-MIG welding. When using LOW, the laser source was focused on the steel side at a
certain distance (offset) from the bimetal interface (Figure 1). In this investigation, the off-set value was
about 1 mm from the laser beam axis. The keyhole moved along a linear path, parallel to the interface.
The heat transferred to the aluminum side through the steel heat affected zone, as shown in Figure 2.
The thermal energy spreading from the keyhole caused the fusion of the aluminum. In this way, the
steel fusion zone (FZ) separated the steel molten pool from the aluminum-fused zone, which avoided
the excessive growth of the IMC layer.

Laser beam

100 mm

3mm

Laser offset

50 mm 50 mm

Figure 1. Schematic illustration of the laser offset welding (LOW) technique procedure.

Focusing the beam on the steel plate instead of the aluminum one is advantageous because it
enables better process control. The stability of the keyhole depends on the balance of different force
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contributions, which include recoil pressure of the vaporized material, pressure inside the cavity,
surface tension, pressure, and weight of molten metal. If the process is not largely robust and stable,
small deviations of the process conditions from the design point, might compromise the stability of the
keyhole, leading to collapse and uncontrolled liquid and thermal flows. Aluminum plate is highly
reflective to beam radiation and exhibits high diffusivity, making it difficult to keep the process stable
during the weld. Thus, even if the melting point of aluminum is lower than steel one, the process has
been conducted by focusing the beam on the steel side, in opposition to brazing principles.

On the other hand, during laser-MIG hybrid welding (Figure 3) the laser-arc coupled source was
directed straight to the weld centerline and it moved along that line. After preliminary trials, the
wire was positioned at a 1 mm distance from the laser focus. The laser and arc combination promotes
a stable wire deposition, without any spatter generation.

Laser
beam

Figure 2. Schematic drawing for describing the joining mechanism by the LOW technique.

GMA
Laser torch
beam

Filler

wire

Welding
direction

/ Distance

between
sources

Voltaic arc

Figure 3. Schematic illustration of laser-MIG (Metal inert gas) technique procedure.

Before welding, the sheets were machined at low milling speed, which reduced the thermal
contact resistance. Dust and contaminants were removed by cleaning with acetone.

2.3. Set-Up of the Welding Systems

Two different laser systems were used to perform the trials:

For laser offset welding, it consisted of a 6-axis robot, a stationary shielding box system and a
workbench equipped with clamps and supporting table (Figure 4). A YLS-4000 Yb-doped fiber laser
with a wavelength of 1070 nm and a maximum power of 4 kW (IPG Laser GmbH, Barbuch, Germany)
was used in continuous wave regime. The fiber had 200 pm diameter, while the optics (focal lens and
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collimator) provided a magnification factor of 2, resulting in roughly a 0.4 mm beam diameter, which
was calculated by the 1/ e? width method, near-Gaussian distribution.

Y

Support and clamping |
N \, ;

Figure 4. Overall experimental set-up.

For hybrid laser welding, a CO; laser (Rofin, Hamburg, Germany) whose maximal power was
3 kW was used operating in continuous wave mode. The focusing mirror was parabolic and it had
a 160 mm radius. A laser beam coaxial argon shielding gas is used, which is advantageous for arc
stability. Figure 5 shows the laser-MIG coupling.

Figure 5. Laser-MIG coupling.

2.4. Process Parameters

Preliminary bead-on-plate tests were conducted to find out the process parameters that enabled
the weld formation. The process parameters and their levels are summarized in Table 3. The overall
power used for the hybrid welding (laser power + MIG power) was 3420 W (versus 2500 W used for
laser welding).
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Table 3. Experimental plan.

Laser Power Welding Wire Feed
(W) Speed (m/min)  Speed (m/min) CUrTent(A)  Voltage (V)
Laser Offset Welding 2.5 2 - - -
Hybrid Laser-MIG Welding 3.42 2 12 80 24

2.5. Metallographic Analysis and Mechanical Testing

Weld cross sections were cold mounted and then they were grinded and mechanically polished
using a variable speed. The microstructure was analyzed by Epiphot 200 Optical Microscope
(OM, Nikon, Tokyo, Japan) and EVO scanning electron microscope (SEM, Zeiss, Oberkochen,
Germany), equipped with an energy-dispersive X-ray spectrometer (EDS, Bruker AXS Inc, Madison,
WI, USA). The samples were prepared by a standard metallographic procedure, which involved
etching with the following reagents:

e Keller’s solution (I mL HF, 1.5 mL HCl, 25 mL HNOj; and 95 mL H,O) for
aluminum microstructure.
e  Vilella’s solution (1 g picric acid, 5 mL HCI, 100 mL ethanol) for steel microstructure.

Vickers micro-hardness tests with a load of 0.1 Kg (AffriWiky 200JS2) were carried out to estimate
local mechanical properties of welds and intermetallic phases created at the steel/aluminum interface.

X-ray diffraction measurements were carried out on a Rigaku diffractometer with CuK« radiation
(A =0.154 nm). The X-ray diffraction data were collected at a scanning rate of 0.02°/s in 26 ranging
from 20° to 100° with count time 1.0 s in the fusion zone of both the aluminum and steel sheet. In the
thin intermetallic layer, the X-ray diffraction data were collected at a scanning rate of 0.02°/s in 20
ranging from 20° to 55° with count time 6.0 s.

3. Base Material Characterization

AA5754 Al-Mg alloy was supplied in annealed and recrystallized state. The optical micrograph
(Figure 6) shows the aluminum matrix (solid solution phase) together with a series of intermetallic
precipitates. Based on previous works [35-37], it can be concluded that the acicular shape, light gray
particles are (Fe,Mn)Al (Figure 6), while the rounded shape dark gray particles consist of fragile
(Fe,Mn);SiAly, (Figure 6). The larger black particles are Mg,Si (Figure 6), while the smaller ones are
Mg2A13 [35,36].

20 pm

Figure 6. Optical micrograph of AA5754 base material. Light gray acicular shape particles (Fe,Mn)Alg,
rounded shape dark gray particles (Fe,Mn)3SiAlyy, black particles Mg,Si, the smaller ones are Mgy Aljs.
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The microstructure of the 316L base material is presented in Figure 7, showing an equiaxed,
twinned microstructure. Annealing twins (induced by heat treatment) and deformation twins are
typical of austenitic stainless steels, which are characterized by low stacking fault energy (SFE).
The low SFE austenitic steel induces a planar array of dislocations during the deformation, promoting
deformation twinning. The twin boundaries are barriers to the dislocation slipping, which increases
the strain-hardening rate [36].

Figure 7. Polarized light micrograph base material of 316L stainless steel showing austenitic structure
with twins.

4. Laser Off-Set Welding Results

The morphology of the cross section of the joint produced by laser offset welding is shown in
Figure 8. At this stage, the sample was weakly etched, which permitted focusing the analysis on the
bead shape. Detailed microstructural features were resolved later.

Figure 8. Optical macrograph of cross section obtained by LOW technique.

Full penetration was achieved. The undercut at the top surface was prevented, while the bottom
part of the weld exhibited a slight sagging. Such a geometric defect mainly derived from the contraction
of liquid walls during the solidification and recoil pressure inside the keyhole, which made the molten
material fill the volume of the cavity as the source advanced.

Figure 9a,b shows the IMC layer formed by the Fe-Al reaction. The interface appeared curvilinear
and Fe-based isles were distributed non-uniformly within the thickness. The low thermal input

promoted a slight interaction between liquid-state materials. A magnification of zone A is shown in
Figure 9b.
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100 pm |

Figure 9. Optical micrographs of the intermetallic compounds (IMC) layer of the joint at: (a) 200x;
(b) high-magnification image of area A in (a) at 500 x.

The IMCs formation is diffusion controlled and dependent on time and thermal cycles. The key
challenge in joining dissimilar materials is the accurate control of the fusion behaviour and the mixing
of interfacing materials. Focusing the beam on the steel side confined the interaction between liquid
phases into a narrow area. The keyhole was kept stable within the steel side, without affecting the
interface zone. Firstly, the aluminum side was not subjected to the direct exposition to laser emission.
Therefore, neither vaporization of alloying elements, nor liquid viscous flows towards the interface
was observed. Secondly, since the beam was focused far enough from the interface, large liquid
viscous forces were prevented. Thus, the growth of IMCs was limited and liquid flows were confined
by the interface boundary, without creating any excessively large mixed zone. Laser offset welding
significantly reduced the content of cracks and promoted a narrower intermetallic layer, which was
limited to roughly 6 um. (Figure 10). Moreover, the rapid process speed lead to a high cooling rate,
enabling a narrower fusion zone [37]. Consequently, the shorter interaction time and narrower fusion
area promoted a thinner IMC layer. Such a result is hugely beneficial for the joint strength [30].

Aluminum

20 pm
AL

Proto o, = 485 Time 129749

Sgnal A= CZESD Datn 20 Ape 2014

Figure 10. (a) Scanning electron microscopy (SEM) and (b) optical micrographs showing the IMC layer.

Firstly, the composition of the IMC layer was analyzed by the energy dispersive spectroscopy
(EDS) analysis during the SEM investigation (Figures 11 and 12). Figure 11 shows the maps of elements
at the interface (Figure 11b,c), meanwhile Table 4 gives the composition (at %) of Fe and Al in the
points P1 (layer_1) and P2 (layer_2), which were located in Figure 12. The analysis of the maps in
Figure 11b,c indicated that the light gray areas in Figure 11a contained mainly iron and aluminum,
while the fused zones contained iron and aluminum together with their alloy elements. Particularly,
the effect of the diffusion of Al alloy elements towards the steel fusion zone and Fe alloy towards the
aluminum side can be observed. The local chemical analysis in Figure 12 revealed that the chemical
composition of the IMC layer in the investigated points could be Fe; Als- or FeAl,-type according to
Fe-Al phase diagram [5].
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Figure 11. (a) SEM micrograph (Back scattered electrons) showing the IMC layer (b) alloy elements
mapping and (c) maps of single elements at the joint interface.
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Figure 12. SEM micrographs of the IMC zone of the cross section with energy dispersive spectroscopy
(EDS) analysis results in the highlighted points P1, P2 at (a) 5000 x and (b) 10,000 x magnifications.
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Table 4. Chemical compositions at different points near aluminum/fusion zone interface (at %).

Point No. Al Fe Cr Ni Mg
P1 63.9 26.2 5.8 33 0.8
P2 71.37 23.43 3.6 16 -

As shown in the Fe-Al binary phase diagram [5], primarily five types of Fe-Al IMCs (i.e., Fe3Al,
FeAl, FeAly, Fe,Al5, and FeAls phases) are produced during the Fe/Al reaction process [38].
The sequence of the formation of Fe-Al IMCs based on the thermodynamic data of the free energy
indicates that AG® (FepAls) < AG® (FeAls) < AG® (FeAly) < AG® (FeAl) < 0 < AG® (FezAl) [38—41],
suggesting that the first phase to be formed is FepAls.

The nature of the IMCs compounds in the joint was assessed by XRD analysis (Figure 13a).
Because the stoichiometry of the Fe,Als, FeAls, and FeAl, compounds is very close each other, it is not
possible to distinguish them by EDS chemical analysis. Particularly, in the intermetallic area, a precision
X-ray diffraction analysis was employed to try and identify the compounds in the thinner intermetallic
layer. Both the fusion zone of aluminum and steel was analyzed by XRD (Figure 13b,c). In the steel
fusion zone were detected the diffraction peaks of Aluminum and Iron, meanwhile in the Al zone only
the aluminum peak were detected. The XRD spectrum in the intermetallic zone identified only the
FeAl, compound together with the Al matrix, while no trace of more stable compounds was found.
The reason could be the low amount of the more stable compounds (i.e., Fe;Als). In fact, the joint
solidification is a non-equilibrium process, which is characterized by high welding speed (2 m/min)
and cooling rate. Therefore, the compounds’ crystallization could be not strictly in accordance with
thermodynamic condition. So, if thermodynamically more stable compounds (such as Fe, Als), being
diffusion controlled, do not have enough time to grow during the cooling of the joint, some other less
stable compounds (such as FeAl,) could nucleate and grow preferentially [42]. Vickers micro-hardness
measurements on the intermetallic interface layer (Figure 14) were in accordance with the values
reported in the literatures for FeAl or FeyAls (Figure 14a) compounds [1,3]. In such a case, the values
of hardness could be underestimated because of the Al matrix (Figure 14b).
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Figure 13. (a) Precision X-ray diffraction analysis in the thinner intermetallic layer. X-ray diffraction
analysis in the (b) aluminum and (c) steel fusion zone.
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Figure 14. Optical micrographs of joint s1 shows the result of Vickers micro-hardness measurements
on the interface aluminum/steel: (a) hardness value due to IMC (b) hardness value due to effects of
the IMC and Al matrices.

Figure 15 represents the microhardness at the half thickness of the cross section. The hardness
of the Al FZ was higher than that in the heat affected zone (HAZ) and the base material (BM). Rapid
solidification, and therefore both grain refining and low grain boundaries’ precipitation, increased
the hardness in the FZ. The hardness of the Al HAZ was slightly larger than that in the base material.
This result may be due to the dissolution of soluble compounds and the consequent strengthening by
solid solution. Figure 15 shows that an increase of hardness in the steel was due to grain refinement
promoted during the welding process [43,44].
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Figure 15. Cross weld section microhardness profile for the laser offset welding.

Microhardness was high in the fusion zone due to the finer grain size (Figure 16) The average
size of the grains in the BM steel was 30 + 5.7 um, meanwhile in the FZ (at both the interface with
steel HAZ and Al FZ) it was equal to 6 &= 1.2 um. In the literature, there are several works on the
laser welding steel /aluminum which showed an increased hardness due to the refinement of the grain
size [44,45].
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Figure 16. Optical micrographs showing (a) base material of 316L stainless steel and (b) fine structure
in the fusion zone due to the fast solidification.

Grain boundary precipitation on the aluminum side did not occur during the joint solidification
because of the rapid cooling. If grain boundary precipitation occurred, the hardness of AA5754 would
strongly decrease. The precipitation of Al-Mg particles inside the grains leads to softening [27,36].

5. Laser Hybrid Welding Results

Figure 17 shows the cross section of the joint produced by hybrid laser-MIG welding. Excessive
weld metal was observed at the top surface, while the bottom part presented a slight lack of penetration.
The reason why these geometric defects occurred can be explained by assessing the process dynamics.
Excessive weld metal resulted from the high wire deposition rate. Lower wire feeding speeds were
adopted to enhance the geometric outcome and reduce the defectiveness. Anyhow, reducing the
deposition rate of filler metal must correspond to a reduction of the heat input to keep the process
energy balance and avoid wire overheating. Then, several experiments were performed with lower
values of total power and wire feeding speed. The laser power was kept constant, because it is mainly
responsible for penetration. However, even if the laser power was kept constant, the reduction of the
MIG power had a detrimental effect on the geometry of the joint, since the amount of total energy
was not enough to fully penetrate the sheets’ thickness and generate a consistent bond. Thus, the
most satisfactory outcome was evaluated for the present analysis (see Table 3). As shown in Figure 17,
a good compromise between penetration and excessive weld metal was found. A slight lack of weld
penetration was observed at the bottom part (less than 0.3 mm depth), while the excessive weld metal
was limited to 0.6 mm.

As stated above, the stability of the process is dependent on the keyhole dynamics. The balance
over different force contribution is needed to sustain the plasma inside the cavity in stable conditions.
Either higher pressure of vapor gases or excessive viscous action of liquid walls might lead to keyhole
collapse. Since the beam was focused at the interfaces between two dissimilar materials, such a
condition was critical for keyhole stability in hybrid welding, which suffered from additional forces
gradients. The risk of a collapsing keyhole is less significant in the fiber laser since the absorptivity by
metal gas vapors is much less.

However, the significant difference in liquid metal viscosity, thermal properties, and surface
tension compromised the process dynamics, leading to the collapse of the keyhole and consequent
entrapment of gas bubbles. Because of the rapid contraction of liquid walls and the rapid solidification
rate, gas inclusions did not have enough time and energy to escape from the weld pool [46]. Thus,
macro voids formed in the fusion zone, and their direction was determined by the viscous metal flows
during keyhole collapse.

Because of the significant difference in thermal expansion coefficient between the two metals and
the brittleness of IMCs structures, solidification cracks formed at the interface.
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A huge amount of thermal energy was directly provided at the interface between the sheets. Thus,
large viscous forces of molten metals were generated. The boundary between the two metals was
highly irregular and non-homogeneous. The behavior of the metal at the interface was not governed
by controllable thermal gradients. Liquid flows were uncontrolled, since the distribution of viscous
forces within the thickness was not scientifically predictable. The hydrodynamic pressure of the
molten steel at the top part of the weld had enough energy to penetrate the aluminum substrate
(see Figures 17 and 18), while a large volume of liquid aluminum was pulled down by gravity at the
bottom side.

Figure 17. Optical macrograph of cross section by hybrid laser-MIG welding.

Aluminum

Figure 18. SEM picture showing the highly irregular and non-homogeneous Steel/ Al interface.

The geometry of the IMC layer was inspected by electron microscopy. Figure 19a,b shows that
the width exceeded the value of 14 um. The process control did not benefit from the hybrid laser-arc
combination. The arc promoted a lower cooling rate and non-uniform energy distribution within
the thickness. Longer reaction time for IMC growth occurred. As mentioned above, such a result is
undesirable for tensile properties [17]. Micro-cracks were detected at both the upper and lower side of
the interface. IMC structures at the interface are hugely brittle and no plastic behavior was detected,

187



Metals 2017, 7, 282

because of the nearly-zero dislocation mobility. During solidification, local stresses exceeded the elastic
limit, leading to small fractures both perpendicular and parallel to the layer width.

$~——Micro cracks

Micro cracks

»

Figure 19. SEM pictures show: (a) Close-up of the upper side of the interface of the sample (5000 x);
(b) Close-up of the lower side of the interface of the sample (6000 ).

Figure 20 shows the micro-hardness profile detected from the cross section of the sample. Adding
arc increased the thermal energy and volume of molten metal compared to single laser welding.
Therefore, even if the welding speed was the same as the autogenous laser process, the thermal inertia
of the fusion zone was higher and the cooling rate was attenuated, leading to grain size widening and
lower hardness values in the FZ.
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Figure 20. Cross weld section microhardness profile for the hybrid laser-MIG.

The indentation presented in Figure 21 refers to the aluminum/steel interface and reports on a
micro-hardness value of 850 Vickers. The IMC area resulted much harder than single-alloy fusion
zones and presented a high gradient of thermal expansion coefficient. Therefore, this area is locally
subjected to compressive and tensile stresses during the non-uniform solidification, which potentially
enables crack propagation.
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Figure 21. Indentation of the intermetallic layer.

6. Conclusions

The present work reported the characterization of the microstructure and the intermetallic

compounds (IMCs) in Fe-Al dissimilar welds obtained by fiber off-set and hybrid laser welding.
The following considerations were pointed out:

The EDS/XRD analysis revealed the presence of FeAl, in the laser welded joint.

Full penetration and low defectiveness were obtained by laser offset welding. The interaction
between liquid phases was restricted. Viscous forces were attenuated by optimizing the process
energy balance. Moreover, the high cooling rate and low mix between the two metals enabled IMC
layer growth, which was as thick as 6 um. As stated in the literature, a thin IMC layer improves
the mechanical properties of the weld. Brittle phases were detected but hot cracks were avoided.
Hybrid laser-arc welding resulted less effective. In fact, an excessive weld crown was observed
and the weld presented a lack of penetration. The process was instable because of the significant
difference in thermal- and fluid-dynamic properties of the two metals, which compromised the
keyhole stability. The interface was highly irregular and non-homogeneous, due to the action of
the viscous forces.

It can be concluded that LOW effects on Al-Fe dissimilar metallurgy and IMC can be controlled

better than those of the hybrid laser-arc welding. Therefore, further investigation on the weldability of
Al-Fe dissimilar welds will focus on the LOW welding technique.
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Abstract: Ti-5A1-5V-5Mo-3Cr (Ti5553) is a metastable {3 titanium alloy with a high potential use in
the aeronautic industry due to its high strength, excellent hardenability, fracture toughness and high
fatigue resistance. However, recent research shows this alloy has a limited weldability. Different
welding technologies have been applied in the literature to weld this alloy, such as electron beam
welding (EBW), gas tungsten arc welding (GTAW) or laser beam welding (LBW) under keyhole
regime. Thus, in tensile tests, joints normally break at the weld zones, the strength of the welds
being always lower than that of the base metal. In the present work, a novel approach, based on the
application of LBW under conduction regime (with a High-Power Diode Laser, HPDL), has been
employed for the first time to weld this alloy. Microstructure, microhardness and strength of obtained
welds were analyzed and reported in this paper. LBW under conduction regime (LBW-CR) leads to
welds with slightly higher values of Ultimate Tensile Strength (UTS) than those previously obtained
with other joining processes, probably due to the higher hardness of the fusion zone and to lower
porosity of the weld.

Keywords: laser beam welding; conduction regime; Ti-5A1-5V-5Mo-3Cr

1. Introduction

Titanium and its alloys have been used commercially in various industries since the 1950s.
The industries that have taken the benefit of titanium range from automotive, jewelry, sporting
equipment, petrochemical, marine, aerospace and, more recently, biomedical industry. The reasons
behind the successful applications of titanium alloys in many industries include their (i) relatively low
density (vs. steels and superalloys), (ii) excellent corrosion resistance (vs. steels), (iii) moderate-to-high
strength (vs. aluminum), (iv) ability to withstand up to 600 °C (better than aluminum), and (v)
compatibility with the human body. Titanium alloys are generally divided into three main families,
the so-called &, ac + 3 and f3 alloys. A great advantage of {3 alloys is that they can be processed at lower
temperatures than o + (3 alloys, and some heavily stabilized (3 alloys are even cold deformable.

Depending on their classification, weldability of titanium may range from poor to excellent.
Although commercially pure titanium, o-titanium and « + {3 titanium generally have excellent
weldability, metastable (3 titanium alloys may have limited weldability due to the high content
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of 3 stabilizing elements [1]. Metastable 3 titanium alloys have good weldability in the annealed or
solution heat-treated conditions [1]. In general, in the as-welded (AW) condition, the weld fusion zone
(FZ) is comprised of coarse columnar {3 grains from solidification while the heat-affected zone (HAZ)
adjacent to the fusion lines is characterized by retained {3 structure. In this condition, the strength and
hardness of these welds are low, but their ductility is reasonable. Becker and Baeslack [2] conducted
weldability studies on three different types of metastable 3 titanium alloys (Ti-15V-3Cr-3Al-3Sn,
Ti-8V-7Cr-3Al-45n-1Zr and Ti-8V-4Cr-2Mo-2Fe-3Al) and showed that the alloys are readily weldable.
For all three alloys, the strengths were increased with post-weld heat treatment (PWHT) at, however,
the expense of ductility. Weldability of Beta-21S sheet using laser welding technique was investigated
by Liu et al. [3]. Both the FZ and HAZ were narrow with fine retained (3 grain structure. The FZ
was “crown-shaped” (also referred in the literature as “hour glass-shaped”) with wider top and
bottom surfaces compared with the mid-thickness area. Epitaxial grain growth was observed to form
from the HAZ into the FZ. The FZ had transitioned from a solidification mode of a cellular-type
along the fusion boundary to a complete cellular-dendritic (or columnar-dendritic) solidification
mode at the weld centerline [3]. Welding investigations on Beta-CTM (metastable {3 titanium alloy
Ti-3A1-8V-6Cr-4Mo-4Zr, Ti 38-644) using Gas Tungsten Arc Welding (GTAW or TIG) showed epitaxial
growth from the near-HAZ into the FZ, solidified with a cellular mode and progressively formed a
complete columnar-dendritic grain structure at the weld centerline [4].

In the early 2000s, a new metastable (3 titanium alloy known as Ti-5Al-5V-5Mo-3Cr, designated as
Ti5553, was introduced. It is a variation of the alloy VT22, being an alternative to the Ti-10-2-3 alloy.
The advantage of this alloy as compared to other 3 titanium alloys is the sluggish precipitation kinetics
of the « phase [5,6]. Ti5553 offers high strength, excellent hardenability, fracture toughness as well as
high fatigue resistance [7]. The potential applications of this alloy are in the high-strength related areas
such as landing gear and pylon/nacelle areas. Note that the landing gear beam truck of a Boeing 787
has been successfully manufactured using this alloy [8]. To find more applications in different areas,
a number of factors have to be investigated, and one of them is the weldability.

The most common welding techniques to joint titanium and its alloys are Gas Metal Arc Welding
(GMAW), such as Metal Inert Gas (MIG); Plasma Arc Welding (PAW); Laser Beam Welding (LBW);
and Electron Beam Welding (EBW) [1,9-12]. The first three methods fall in the arc welding category
with high heat input and low power density of heat source, while the last two techniques belong to the
high-energy beam group.

LBW can be performed by two mechanisms: keyhole and conduction, the basic difference between
two modes depending on the characteristics of the generated weld pool [13]. The key difference
between these two operational regimes is the power density applied to the welding area. Conduction
takes place when the energy intensity is not enough to provoke boiling, while in Keyhole, the intensity
is sufficiently high to cause evaporation in the weld zone, creating a cavity (keyhole) in the melt
pool [14]. A basic scheme of both operational modes is included in Figure 1. The energy density
of the laser beam is higher in keyhole welding than in conduction welding, therefore leading to
narrower weld beads. LBW under Keyhole Regime (LBW-KR) generates a cavity in the weld pool as
a consequence of the metal evaporation. This cavity is stabilized by the pressure of the own vapor
generated [15]. The keyhole is associated with violent plasma generation, which consists of metal
vapor, ionized ions and electrons. The plasma resides both outside and inside the keyhole, known
as the plasma plume and keyhole plasma, respectively [16]. The stability of the keyhole depends on
a balance between surface tension pressure and vapor pressure: surface tension pressure tends to
close the keyhole, while vaporization tends to keep it open [17,18]. Keyhole is reported to oscillate
throughout the welding process and can lead to porosity defects in the final welds, especially in
the case of partial penetration laser welding. Keyhole-induced porosity has been identified through
experiments on the welding processes and is considered to be one of the major causes of porosity
defects in laser welds. Large porosity defects can significantly deteriorate some of the mechanical
properties of the welds, such as the tensile and fatigue strength [18]. Thus, Pang et al. [18] have
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developed a quantitative model able to predict the porosity defects induced by keyhole instability of
titanium laser welding.

Conduction Regime Keyhole Regime

Laser beam Laser beam

Weld Pool Cavity (Keyhole)

Weld Pool

Heat Affected Zone Heat Affected Zone

Figure 1. Schematic description of conduction and keyhole laser beam welding (LBW) regimes.

LBW under Keyhole Regime (LBW-KR) is more widely employed than LBW under Conduction
Regime (LBW-CR), because it produces welds with high aspect ratios and narrow heat-affected
zones [19,20]. On the other hand, LBW-CR is a more stable process, since metal vaporization occurs at
a lower level than in LBW-KR [16,17,21]. In LBW-CR, the energy density of the laser beam locally heats
the material up to a temperature above its melting point and below its boiling point [22]. Therefore,
conduction welding offers an alternative joining mode for difficult-to-weld materials [13,23], such as
the Ti5553 alloy. In fact, LBW-CR is being nowadays investigated for different purposes, such as to
confirm the simulation results. Thus, simulation studies were performed to understand the weld
pool flow patterns of titanium, showing that laser weld pool flow dynamics play a key role during
the transition from conduction mode to keyhole [24]. A model is presented by Du et al. [25] for
flow simulation of full penetration laser beam welding of titanium alloy, concluding that the molten
pool becomes shorter and wider under the conduction regime, as a consequence of the Marangoni
effect. More recently, a Finite Element Method (FEM) has been successfully developed to simulate
the LBW-CR of Ti6Al4V alloy, employing for the first time a heat source with a double ellipsoid
shape [26]. An excellent agreement between these simulations and experimental welding results
was found, allowing the use of the refined FEM model to predict phase transformations, distortion
and stresses of LBW of industrial titanium elements [26]. On the other hand, LBW-CR have been
also employed to study the influence of some experimental variables on the welding process, as the
superficial pre-treatments, concluding that chemical cleaning pre-treatments led to deeper and stronger
welds than those treatments based on coatings [27]. Conduction regime also offers the possibility to
perform laser heat treatments at localized zones of pieces, in order to provoke improvements of some
properties, such as hardness [28,29], corrosion resistance [28] or tribocorrosion behavior [30,31].

In the present work, LBW-CR (with a High-Power Diode Laser, HPDL) has been applied for the
first time to weld the Ti5553 alloy. Microstructure, microhardness and strength of obtained welds have
been reported. The obtained results have been compared with the microstructure and properties of
Ti5553 welds obtained in the literature with other joining techniques, such as GTAW, EBW and LBW
under keyhole regime.

2. Materials and Methods

In this investigation, a metastable 3 titanium alloy, Ti-5Al-5V-5Mo-3Cr (Ti5553), was used.
This alloy was provided by the Boeing Aircraft Company (Chicago, IL, USA). The alloy was in
the annealed condition with a typical &/ microstructure. The chemical composition of the material is
shown in Table 1.

195



Metals 2017, 7, 269

Table 1. Chemical composition (wt %) of the Ti5553 alloy used in this study.

Material (o] N Al v Mo Cr Fe Ti
Ti5553 014  <0.01 5.03 5.10 5.06 2.64 0.38 Bal.

Autogenous (no filler), butt welding joints of Ti5553 were obtained by LBW-CR. The conduction
welds were performed using a High-Power Diode Laser (HPDL) of LABCYP, UCA (Research Group of
Corrosion and Protection of University of Cadiz, Spain), model DL028S, with 2.8 KW of maximum
power acquired to ROFIN-SINAR (Plymouth, Mi, USA), shown in Figure 2. Joints were performed
with treatments consisted of a linear laser scan of 35 mm, performed at a laser power of 2.75 kW and
a welding speed of 5 mm/s, placing the surface of the samples at the focal distance (42 mm from
the laser head). The spatial distribution of the laser beam source at the focal distance is included in
Figure 3. The size of the spot of this laser source in this condition is 1.79 mm? (1.19 mm in X axe x
1.50 mm in Y axe). A laboratory-made conditioning chamber, shown in Figure 4, was employed to
shield the welds, allowing the application of a continuous flow of argon of 10 L/min. The laser fluence
(F) of these treatments was 46.21 k] /cm?, F being estimated as Equation (1):

P
F=— 1
2D M
where F is the accumulated fluence (laser energy per area) of the laser treatment (46.21 kJ/ cm?), Pis

the Laser Power (2.75 kW), v is the processing rate (5 mm/s), and D is the spot width (1.19 mm, X axe).

Figure 2. Equipment of High-Power Diode Laser (HPDL) employed to perform the welds under
conduction regime.

—_———
X axe

Figure 3. Spatial distribution of the laser beam source (HPDL) at the focal distance.
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Figure 4. Laboratory-made conditioning chamber used to shield the welding samples.

The sizes of samples were 50 x 50 x 1.6 mm® as shown in Figure 5. Before welding, the samples
were cleaned according to ASTM B 600-91 standard. The welding direction was perpendicular to
rolling direction. Metallographic samples for grain structure investigation and for hardness tests
were prepared from the welded sheets (as shown in Figure 3). The metallographic preparation steps
consisted of grinding from 120 to 2400 grit SiC paper, polishing to 0.3 um colloidal alumina, followed
by final polishing with 0.05 pm colloidal silica suspension. The samples were etched with Kroll’s
reagent with a composition of 100 mL water + 2 mL HF + 5 mL HNOs. An optical microscope was
used to characterize the microstructure of the welds.

Microhardness tests were carried out on the metallographically-prepared samples using a load of
300 g (HV300g) to produce the hardness profiles. Dog-bone flat samples (with a constant thickness of
1.6 mm) were taken from the welded sheets for tensile testing, as shown in Figure 5a, in accordance
with ASTM E 8M-04, with the weld located perpendicular to the tensile axis. The tensile tests were
conducted at room temperature, fixing a deformation speed of 0.005 mm/min at the elastic deformation
regime, and 1.6 mm/min at the plastic deformation regime. Finally, the fractured surfaces of tensile
samples were cleaned with an ultrasonic cleaner, and subsequently examined using a Scanning Electron
Microscope (SEM) at different magnifications.

Figure 5. Schematic diagram indicating the weld joint and locations of samples for tensile tests (a) and

metallographic and microhardness analysis (b).

The authors would like to clarify that welds were only made on 1.6 mm thick material. Future
work needs to be performed to analyze the influence of the different material thickness and size
on the developed microstructure and the laser fluence required to weld Ti5553 samples. This is a
very important issue in LBW-CR, as the heat conduction can change when scaling the size of the
welding samples.
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3. Results and Discussion

Macrographic images of front and back views of Ti5553-Ti5553 butt weld performed with LBW-CR
are shown in Figure 6a,b, respectively. The absence of colored tones confirms the appropriate protection
provided by the conditioning shielding system. In general, LBW allows the minimization of thermal
distortion. Note that the welds seem to present an apparent deformation, related to the relative
disorientation of the mechanical machining lines of samples generated before welding. In fact,
the obtained welds were flat, not showing evidences of thermal distortion.

(b)

Figure 6. Front view (a) and back view (b) of Ti5553-Ti5553 butt joint performed with LBW under
Conduction Regime (LBW-CR) using a HPDL.

3.1. Microstructure and Shape of Welds

For reference purposes, metallographic images of Ti5553 base metal (BM) are given in Figure 7a
at 50x and Figure 5b at 1000, showing &/ microstructure in which o particles with an average
size of less than 5 pm are distributed within the 3 matrix. Cross-sections of Ti5553-Ti5553 LBW-CR
butt welds were studied in detail, allowing the identification of the different zones of the weld (FZ,
HAZ and BM), the analysis of the FZ morphology (shape) and the measurements of grain size at
HAZ. Some metallographic images at low magnification (50x) of the welds are reported in Figure 8.
The welds presented semicircle shape with relatively low depth/width ratio, allowing one to confirm
that joints were performed under conduction regime. The shape of this LBW-CR weld can be compared
with other Ti5553-Ti5553 butt welds previously obtained in the literature [31]. Thus, GTAW welds
of this alloy presented V-shaped FZ, being also conduction-dominated. In contrast, the FZ for EBW
and LBW performed with Nd:YAG are reported to provide hour glass-shaped welds, a morphology
directly related in the literature with the keyhole regime.

Table 2 summarizes the width and depth of the FZ and HAZ of the LBW-CR welds obtained.
For comparison purposes, the results obtained in recent research for Ti5553-Ti5553 butt welds
performed with other technologies (GTAW, EBW and LBW-KR with Nd:YAG) [32] are also reported
in the table. The widths of the FZ and the HAZ of the GTAW and LBW-CR welds were much wider
compared with those of EBW and LBW-KR. The FZ generated by GTAW and LBW-CR were 5.4
and 4.9 mm, compared with 2.6 and 1.7 mm made by LBW-KR and EBW, respectively. The HAZ of
the GTAW and LBW-CR samples reached up to 3 and 1.3 mm, respectively, being 0.8 mm for both
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LBW-KR and EBW samples. The narrower weld zones in EBW and LBW-KR samples compared with
the LBW-CR and GTAW samples are associated with the higher heat source localization (smaller
beam size at the focus position) of the former technologies. The microstructural characteristics of the
LBW-CR welds were similar to those previously reported for other welding methods [32]: FZ with a
columnar-dendritic-typed grain morphology, HAZ decorated with retained equiaxed {3 grains (with
larger grains at the fusion boundary and smaller grains towards BM) and epitaxial grain growth from
the HAZ into the FZ.

Figure 7. Metallographic images at 50 x (a) and 1000 (b) of Ti5553 base metal (BM) showing the «/ 3
microstructure (o particles are the white grains).

Figure 8. Metallographic images at 50 x of Ti5553-Ti5553 LBW-CR butt welds showing the different
zones of the welds (FZ, near HAZ, far HAZ and BM) in (a,b); and the grain size at HAZ (around
350 pum) in (c,d).

Table 2 also includes the averaged grain size of the welds zones. The grain sizes in the FZ for
all welds were a few hundred microns. In the HAZ, large grains were observed at the near HAZ
(along the fusion boundary) of up to 200 um in the EBW and LBW-Nd:YAG samples, and up to
600 um and 350 pm for GTAW and LBW-HPDL samples, respectively. The grains became gradually
smaller towards the BM. The larger grain sizes in the near HAZ are associated with intermediate peak
temperature during welding that facilitates grain growth. Therefore, taking into account the width
and grain size of the welds, it can be stated that LBW-CR is a compensated and interesting welding
technology, as it employs an energy density intermediate between arc welding, such as GTAW (high
heat input and low power density) and EBW/LBW-KR (relatively low heat input and high power
density).
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Table 2. Width of fusion and heat-affected zone (FZ and HAZ) and grain size of HAZ of the
different welds.

Conditions Width of FZ (mm) Width of HAZ (mm) Grain Size of HAZ (um)
LBW-CR (HPDL) 49 13 350
GTAW [32] 5.4 3.0 600
LBW-KR (Nd:YAG) [32] 26 0.8 200
EBW [32] 1.7 0.8 200

3.2. Microhardness

Hardness profile of the Ti5553-Ti5553 LBW-CR butt weld is shown in Figure 9. The hardness
values (HV) follow a similar tendency than those previously obtained with other welding methods [32],
i.e., 290-320 HV in the FZ, 300-360 HV in the HAZ and 370-390 HV for BM. The weld zones (FZ and
HAZ) had lower hardness values compared with that of the base metal. In metastable {§ titanium
alloys, the hardness of the FZ is usually lower than that of the BM, as the formation of the strengthening
precipitates is suppressed because of the overwhelming amount of {3 stabilizing elements leading
to a [Mo]eq around 12. According to Bania [33], «” (alpha prime) or martensite precipitates will not
form if the [Mo]eq is greater than 10. The dissolution of the & phase in the heat-affected zone and
the presence of entirely metastable/retained 3 phase in the fusion zone seem to be responsible for
the significant hardness decrease in the HAZ and FZ [34]. It is interesting to note that the decrease
of hardness in the FZ of LBW-CR is slightly lower than that in the FZ of welds performed with other
technologies [32]. Thus, the minimum hardness value obtained in the FZ of LBW-CR weld was 310 HV,
while the minimum values measured for LBW, EBW and GTAW were always below 300 HV. These
results suggest that LBW-CR methodology can partially limit the dissolution of « phase in the FZ,
keeping a slightly higher concentration of strengthening precipitates in the weld.

It is noteworthy that the hardness profiles of metastable 3 titanium alloys are different than those
of & or «/f alloys. Hardness values of « or /{3 alloys in the weld zones are generally comparable or
higher than that of the BM, due to the formation of martensite (o’ microstructure) [10,28,35].
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Figure 9. Hardness profile across the Ti5553-Ti5553 butt weld performed with LBW-CR with HPDL.

3.3. Tensile Test and Fracture Surface Analysis

Table 3 summarizes the results obtained from tensile testing of LBW-CR Ti5553-Ti5553 butt weld.
It also includes the data reported in previous researches [32,36,37] for the base metal (BM), GTAW,
EBW and LBW-Nd:YAG welds. Note that in [36], very low ductility (strain to rupture) values were
obtained in EBW welds in comparison to [37]. The results published in [36] report the first trials to
perform the EBW weld and therefore the experimental parameters were not optimised. Those results
published in [37] were performed/tested with better measurement capability. All welds present a
significant reduction in strengths and elongation values in comparison with the BM. The elongation of
EBW and LBW-Nd:YAG welds were relatively comparable to that of the unwelded samples, while
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LBW-HPDL and GTAW welds presented lower ductility. Concerning the strength, it is interesting to
highlight that the highest Ultimate Tensile Strength (UTS) values were found in LBW-HPDL welds
(78% of the BM), followed by LBW-Nd:YAG (72% of the BM), EBW (65% of the BM) and GTAW (56% of
the BM). In general terms, tensile properties of all these welds are in good agreement with the results
previously reported by Shariff et al. [34], in which Ti5553 welds show a maximum joint efficiency of
around 75% and a variable reduction of ductility.

The slightly higher UTS value obtained in the present work for LBW-CR with HPDL is thought
to be due to the higher hardness of the FZ and to the lower porosity generated in the melting pool
within conduction welding. In fact, conduction modes are widely claimed to provide less porous joints
than keyhole as a consequence of the lower evaporation [16-21]. However, unexpected low elongation
values were obtained in LBW-CR. One would expect larger ductility in LBW-CR than in LBW-KR,
which provided the lower porosity and larger grains at FZ obtained in LBW-CR. The reason for this
behavior is not clear for the authors, although the higher concentration of strengthening precipitates in
the LBW-CR or/and the possible lower weld depth of the LBW-CR weld can be possible explanations
of these low ductility results. Further investigation needs to be performed to solve this issue.

Fracture surfaces from the tensile test of LBW-CR samples are given in Figure 10. Figure 10a,b
were obtained with optical microscope (OM) at 30x and 72 x, respectively; and Figure 10c-f were taken
by Scanning Electron Microscope (SEM) at 300x (Figure 10c) and 2000 x (Figure 10d—f), respectively.
Samples fractured in the weld zones, and exhibited transgranular fracture modes with microvoid
coalescence (dimples) mechanism. SEM images at 2000x (Figure 10d—f) in different zones of the
fractured samples show the dimples formation at different zones.

Figure 10. (a,)b) Optical microscope (OM) images and (c—f) scanning electron microscope SEM
images showing transgranular fracture with microvoid-coalescence mechanism of LBW-CW (HPDL)
Ti5553-Ti5553 butt weld.
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Table 3. Comparison of mechanical properties of as-welded Ti5553-Ti5553 butt joints performed with
LBW-CR and with other different technologies [32,36,37].

Conditions Yield Strength Ultimate Tensile Elongation (%)
(MPa) Strength (MPa) (Strain to Rupture)
LBW-CR with HPDL 816 818 3.9
Base Metal [36] 1028 1053 12
EBW [36] N/A 778 0.83
EBW [37] 680 680 11
LBW-KR with Nd:YAG [32] N/A 757 9
GTAW [32] N/A 591 N/A

4. Conclusions

Ti5553 butt welds have been obtained for the first time by means of Laser Beam Welding
under Conduction Regime (LBW-CR) with a High-Power Diode Laser (HPDL). The microstructure,
microhardness and strength of obtained welds have been analyzed. The welds presented a
characteristic semicircle shape with relatively low depth/width ratio, a key feature of conduction-
limited welding. The microstructure of LBW-CR welds was seen to be similar to those previously
reported in the literature for other welding methods. Thus, the FZ presented a columnar-dendritic-
typed grain morphology; the HAZ is decorated with retained equiaxed (3 grains (with larger grains
at the fusion boundary and smaller grains towards BM); and an epitaxial grain growth is observed
from the HAZ into the FZ. Interestingly, the width and grain size values of the LBW-CR welds were
intermediate between the results previously obtained for GTAW and EBW. In addition, the FZ of
LBW-CR presented slightly higher values of microhardness than those reported for other technologies.
From the tensile tests, it is shown that the Ultimate Tensile Strength (UTS) of the welded specimens
is around 78% of the BM, but still, it is slightly higher than the UTS values obtained with other
joining processes, probably due to higher hardness of the FZ and to the lower porosity of the LBW-CR
weld. Therefore, conduction welding offers an interesting joining mode for difficult-to-weld materials,
such as metastable {3 titanium alloys.
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Abstract: Nowadays, a wide range of materials is used for car body structures in order to improve
both the passengers’ safety and fuel consumption. These are joined by laser welding and solid
state fiber lasers being used more and more in present. The article is focused on the research
of laser welding influence on the mechanical and deformation properties, microstructure and
microhardness of advanced high-strength steels: high-strength low-alloyed steel HC340LA, dual
phase steel HCT600X and multi-phase residual austenite steel RAK40/70. The proper welding
parameters have been found based on weld quality evaluation. The specimens for tensile test with
longitudinal laser weld were used to measure mechanical and deformation properties. Microstructure
and microhardness of laser welds were evaluated in the base metal, heat affected zone and fusion
zone. The higher values of strength and lower ones for deformation properties of laser-welded
materials have been found for dual and multi-phase steel. The microhardness strongly depends on
the carbon equivalent of steel. Deformation properties are more sensitive than strength properties to
the change of microstructure in the fusion zone and heat affected zone.

Keywords: laser welds; mechanical properties; low alloyed steel; dual phase steel; trip steel

1. Introduction

In the automotive industry, an emphasis on inventions, innovations and information is reflected
in the constant increase of car models in the portfolio of individual automakers. On the one hand,
this is due to intensification of individualism with current absolute orientation of enterprises on the
customer, and, on the other hand, this is due to the models’ diversification of vehicle manufacturers
in terms of marketing of various technological innovations and new vehicle concepts on the market,
with the aim to occupy the greatest number of market segments. Customers also demand cars that will
respect their individual needs, and it affects not only the actual increase in the number of models on
offer, but also increases the complexity of the car and a separate system.

Today;, it is expected in the automotive industry that, based on the material selection strategies,
such products are introduced to the market, involving more intellect and less material. Materials also
have a close relationship to the passive safety of vehicles. While the vehicle’s car body is the important
passive safety component, the lives of the passengers and the other transport users depend on strength
and deformation properties of the material. The car body designers have to choose materials with
exact properties to control the deformation of each car body structural component. In the frontal
deformation zones, materials able to absorb as much impact energy as possible on a larger path should
be used. Otherwise, in the middle zone of the car-body, strong materials able to absorb impact energy
on a shorter path (minimum deformation) should be used. The innovative potential of the thin-walled
lightweight (shell) structures from aluminum alloys, magnesium alloys, composites, High Strength
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Steels (HSS) and Ultra High Strength Steels (UHSS) is a big challenge when looking for the right
material for each deformation zone [1,2].

Light-weight alloy materials used in the car body structural components are undoubtedly of
great potential for lightening many structural parts of the cars. However, the overall share of steel still
exceeds 50% of the total weight of the mass-produced cars. The uniqueness of the position of steel in
the construction of cars is determined by the combination of its properties such as strength, stiffness,
deformation work, formability and recyclability [2,3].

Standard low alloyed high-strength steels (IF, BH, and HSLA), advanced high-strength steels
(AHSS) and ultra high-strength steels (UHSS—DP, CP, TRIP, TWIP and MS steels) commonly used in
the automotive industry differ in their microstructure. Properties of steels are controlled by chemical
composition and the strengthening mechanisms, such as: hardening by solid solutions, dislocation
hardening, grain boundaries hardening, precipitation or transformation hardening [4].

The research in the paper is focused on the high strength low alloyed steel, dual phase steel and
multiphase steel. In the case of high-strength low-alloy (HSLA) steels, the increase of the ferritic matrix
strength is achieved especially by microalloying elements Ti, V, and Nb, which increase strength by
grain size control, precipitation hardening, or substitution hardening of structure [4,5]. Dual phase
steels consist of a ferritic matrix with 5% to 30% martensite content. Ferrite is a soft phase with
good formability. Martensite is a hard phase that gives the material its strength and hardness [4,6].
Transformation induced plasticity (TRIP) steels consist of retained austenite, martensite, bainite and
ferrite. Residual austenite transforms to martensite during deformation, and it is situated in the
polygonal ferritic matrix, which also includes bainite, preserving very good formability [4,7]. Both dual
phase and multi-phase steels show more work hardening (WH) and bake hardening (BH) (Figure 1a,b)
than high strength low alloyed steel [3].
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Figure 1. Contribution of work and bake hardening for some advanced high strength steels:
(a) the effect of both, work hardening (WH) and bake hardening (BH) on the stress-strain curve;
(b) comparison of the WH and BH for transformation induced plasticity—TRIP, dual phase—DP and
high strength low alloyed steel—HSLA steel at a 2% level of strain [3].

Structural thin-walled components of security zones of cars must often meet conflicting
requirements—on the one hand, the growing tendency for the reduction of the weight of stamped body
parts and, on the other hand, the tendency of increasing the security (strength, stiffness, absorption
capacity and programmable deformability under crash). The desired compromise between the
requirements to reduce the weight of cars on the one hand and requirements for improving the safety
parameters (strength, stiffness, both deformation and fatigue works), reduction of fuel consumption
and emissions during operation of cars on the other hand, can be achieved by proper application
of the combined tailored blanks: tailor-welded blanks (TWB), engineering blanks (EB), tailor-rolled
blanks (TRB), tailor heat treated blanks (THTB) (with the same or different thickness, with different
strength and deformation properties, especially in the deformation zones of thin-walled components
of cars) [8-11]. The combined TWBs prepared by laser beam or electron beam welding have found the
widest application.
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In the areas with smaller load, the sheet metal with reduced thickness or less expensive material
of less strength is applied. In the areas where greater loads occur, the material of greater thickness and
higher strength is applied. Because of these advantages, combined blanks are widespread in the design
of car body components and also improve their utility properties (e.g., stainless austenitic and ferritic
steels for improving the corrosion resistance in the exhaust systems, the fuel tanks, etc.). According to
the data of suppliers of materials for the automotive industry, their share in the structure of the car
body should be increased in the coming years up to 30% [12,13].

Application of solid-state lasers in the industry currently comes with a significantly increasing
perspective, especially due to the fact that new types of solid-state lasers such as fiber and disk lasers
with their technical parameters surpass the parameters of gas CO, lasers [14,15].

The most important advantages of solid-state lasers include:

1.  Conversion efficiency of electric energy to the energy of the laser beam being higher by 30%
compared to the CO; lasers,

2. Higher focusability that expands the field of industrial applicability,

3. Improved flexibility and stability of output parameters,

4. Increased dynamics of beam parameters with the possibility of shaping the rise and decay, and
the tip of the laser pulse.

Research results of weldability and formability indicate that influence of welded joints on the
material plastic flow in the joint area is examined and analyzed by the same kind of tests as are
used for evaluation of weldability and formability of base materials, when used for TWBs: tensile
tests; braking tests; technological tests (cup drawing tests, Erichsen tests, the Swift method, hydraulic
bulge tests, hole expanding test, limit dome height tests and three- or four-point bending tests);
macro and microstructure analyses of individual zones of welded joints; hardness tests and Vickers
micro-hardness in zones of welded joints and the base material [16,17].

The aim of the paper is to assess the impact of laser welding on the mechanical properties of
selected AHSS materials for TWBs, used in the automotive industry for structural components of the
car body. The study is focused on the measurement of strength and deformation properties for base
material and laser welded by a solid-state fiber laser. Many authors have investigated the influence
of laser welding on the tensile properties on specimens with transverse weld [5,6,18-20]. Thus, the
research was focused on the specimens with longitudinal butt laser weld, as it is used for tailored
TWaBs. It is supposed that the longitudinal weld is more sensitive to the stress—strain distribution when
a tensile test is performed. In addition, the microstructural changes and microhardness in the heat
affected zone and fusion zone were examined.

2. Materials and Methods

The experimental research has been focused on the high strength low alloyed steel HC340LA, dual
phase steel HCT600X and multi-phase residual austenite steel RAK40/70. Steels were electrolytically
coated with zinc (100 g/m?) and had special requirements for surface (M—normal surface finish,
B—best quality, O—oiled). These are commonly used to enhance the safety characteristics—strength,
stiffness, and deformation work—and reduce both the fuel consumption and car emissions. The
chemical composition of materials, shown in Table 1, was measured by atomic emission spectrometry
according to standard ASTM E415-14.

The first stage of the experimental research was focused on analyzing the influence of laser
welding on mechanical and deformation properties of laser-welded base material HC340LA-HC340LA,
HCT600X-HCT600X and RAK40/70-RAK40/70 when welded by a solid state fiber laser YLS-5000
(IPG Photonics, Oxford, MA, USA). The welding was done by continual mode without protective
gas with parameters shown in Table 2. Samples for microstructure analysis taken from laser-welded
sheets have been analyzed by an optical microscope Axio Observer 1M (Carl Zeiss Jena GmbH, Jena,
Germay). The welding parameters have been optimized by quality control based on weld porosity
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and weld root quality in the heat affected zone and fusion zone. Optimized weld parameters were
used to prepare samples for the research.

Table 1. Chemical composition of materials used for research.

Material Chemical Composition wt %
C Si Mn P S Cu Al Cr Mo
0.083 0.039 0.181 0.038 <0.002 0.081 0.062 0.044 0.034
HC340LA - v T Nb Co w CEy ace. to (1)
0.048 0.018 <0.002 0.071 0.155 - 0.122
C Si Mn P S Cu Al Cr Mo
0.111 0.279 1.963 0.026 <0.002 0.019 0.031 0.206 <0.002
HCT600X v T Nb Co w CEy acc. to (1)
<0.002 0.012 <0.002 0.02 0.017 <0.005 0.397
C Si Mn P S Cu Al Cr Mo
0.197 0.165 1.576 0.015 <0.002 0.022 1.352 0.0455 0.022
RAK40/70 Ni \Y% Ti Nb Co W CEy acc. to (1)
0.016 0.011 - 0.002 - - 0.486

Table 2. Parameters of laser welding by solid state fiber laser YLS-5000.

Sheet Laser Focal Point Welding Speed Width of Width of

Material Thickness [mm]  Power [W] [mm] [mm-s~1] FZ ' [mm] HAZ 2 [mm] Note
1700 50 09 035 Optimal
2300 70 0.96 0.38 .
2000 50 215 045 Optimal
HCTe00X 0.77 2700 10 70 221 047 -
2000 50 1.05 0.40 Optimal
RAK40/70 0.77 2700 10 70 117 048 -

1 FZ—fusion zone, 2 HAZ—heat affected zone.

The second stage of the experimental research was focused to analyze microstructure hardness
in the base metal (BM), heat affected zone (HAZ) and fusion zone (FZ). The hardness measurement
was done by the Vickers method according to STN EN ISO 6507-1 on the device Duramin A300
(Struers GmbH, Willich, Germany).

The mechanical properties—yield strength, ultimate tensile strength and extension—were
measured on specimens from base material and specimens with longitudinal laser weld (Figure 2)
using optimized parameters of laser welding. The tests were done according to STN EN ISO 6892-1,
the normal anisotropy ratio r was measured according to STN EN ISO 10113 and strain-hardening
exponent n was measured according to STN EN 10275.

/fTo.02]a

e/ butt weld
%
s/

rZe-ez]A]
¥

B ] e (A ZT;\

B/ fes

20:0.1

50 120
260

(@)
Figure 2. Specimens for tensile test: (a) base material; (b) laser-welded specimen (unit: mm).
3. Results and Discussion

3.1. Analysis of Microstructure

The microstructure of laser-welded materials in the base metal, heat affected zone and fusion zone
have been analyzed for HC340LA-HC340LA, HCT600X-HCT600X and RAK40/70-RAK40/70 samples.
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An overall photo of the microstructure of laser-welded steel HC340LA-HC340LA is seen in
Figure 3. The overall width of the weld is approx. 1.6 mm, width of the fusion zone approx. 0.9 mm
and width of the heat affected zone is approx. 0.35 mm.

The microstructure of base metal HC340LA (Figure 4) is uniform, polyhedral and fine-grained.
It is composed of fine equiaxed ferrite grains, little pearlite units and tertiary cementite.

In the heat affected zone, a mostly acicular microstructure of the fusion zone comes to the
polyhedral microstructure. It is created by a mixture of very fine grains of transformed ferrite, possibly
bainite. Towards the base metal, in the heat affected zone, original equiaxed thicker ferrite grains are
detected and their proportion is increasing (Figure 5).

A microstructure of the fusion zone is composed of ferrite, bainite and martensite in the shape of
grains and needles of various sizes and shapes (Figure 6).

Figure 5. Microstructure of the heat affected zone of laser-welded steel HC340LA-HC340LA.
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Figure 6. Microstructure of the fusion zone of laser-welded steel HC340LA-HC340LA.

An overall photo of the microstructure of laser-welded steel HCT600X-HCT600X is seen in
Figure 7. The overall width of the weld is approx. 2.15 mm, width of the fusion zone is approx.
1.25 mm and width of the heat affected zone is approx. 0.45 mm.

Microstructure of base metal HCT600X is a fine-grained polyhedral made of equiaxic ferrite
grains and very fine martensite grains (Figure 8). However, there are visible lines in the distribution of
phases in structure and impurity particles. Tertiary cementite also occurs in the structure. The volume
fraction of the martensite was 18.2 + 2% determined by lattice method using image analyzer Image J
(open source software) at a scale of 1000x.

Subtilisation of martensite is visible in the heat affected zone (Figure 9). In subtle martensite,
which exists in the heat affected zone, there are subtle ferrite grains, a proportion of which is increasing
towards the primary material. In proximity to the primary material, the portion of ferrite grains is
higher than the portion of martensite.

Due to morphology of the fusion zone microstructure, a bilateral orientation of its solidification
from primary material to the welding midline is clearly seen. Microstructure of the fusion zone is
composed of martensite, which was created in extended austenitic grains (Figure 10). Towards the
heat affected zone, orientation of martensite laths decreases, which is a result of the decrease of a size
and reduction of orientation of austenite grains, where martensite was being created.

Figure 7. Overall photo of laser-welded steel HCT600X-HCT600X.
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Figure 10. Microstructure of the fusion zone of laser-welded steel HCT600X-HCT600X.

An overall photo of the microstructure of laser-welded steel RAK40/70 is in Figure 11.
Overall weld width is approx. 1.85 mm, width of fusion zone area is approx. 1.05 mm and width of
heat affected zone is approx. 0.4 mm.

Microstructure of the base metal (Figure 12) is fine-grained, homogeneous with signs of line
organization of the structure elements. It is mainly composed of fine ferrite grains and has a minority
of very fine units of residual austenite, bainite and martensite. The volume fraction of residual
austenite measured by RTG analysis was 22.3%. The fraction of ferrite, bainite and martensite is 77.7%.
Phase components of bainite and martensite were impossible to identify due to a small distortion
of lattice.
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In the heat affected zone of the weld joints (Figure 13), a mixed martensite-ferrite structure occurs.
The proportion of ferrite grains in this mixed microstructure increases with the distance towards
primary material. In the close proximity to the primary material, in the microstructure of heat affected
zone, ferrite preponderates in the form of polyhedral grains. Martensite, in the form of fine units of
different shapes is in this area a minority phase.

Results of microstructural changes received when similar materials were welded comply
with [5-7,20]: the fusion zone of dual phase steel consisted of fully martensitic structure; the fusion
zone of high strength low alloyed steel consisted of ferrite, bainite and martensite; and the fusion zone
of multi-phase steel consisted of martensite with laths oriented randomly.

Figure 12. Microstructure of the base metal of laser-welded steel RAK40/70-RAK40/70.

212



Metals 2017, 7,239

Figure 14. Microstructure of the fusion zone of laser-welded steel RAK40/70-RAK40/70.

3.2. Analysis of Microhardness and Its Distribution

The microstructure hardness was measured in the base metal (BM), heat affected zone (HAZ)
and fusion zone (FZ). The hardness measurement was done by the Vickers method according to
STN EN ISO 6507-1 on the device Duramin A300. The device was calibrated before measurement
of microhardness HV05 on samples prepared for microstructure observation. Microhardness with
load 0.5 within 10 s was automatically evaluated by software Ecos. In addition, 15 points in a row
were measured on samples through the weld joint—from left to right (three points for each zone):
the base metal, heat affected zone, weld joint, and heat affected zone to the base metal. The average
values of HV05 microhardness and standard deviation (Stdev) for each material are shown in Table 3.
The microhardness distributions in base metal, heat affected zone and fusion zone are shown in

Figure 15.

Table 3. Measured values of microhardness HV05.

A Base Metal Heat Affected Zone Fusion Zone
Material
HV05 HV05 HVygaz/HVem HV05 HVyz/HVpyp
HC340LA 152 +£2 183 +7 1.2 213+ 3 14
HCT600X 205+ 3 314 + 49 15 390 +3 1.9
RAK40/70 219+ 3 314 £ 56 14 474 + 3 2.2
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Figure 15. Microhardness distribution in the laser-welded joint.

The microhardness HV05 of base metal for HC340LA was 152 =+ 2, for HCT600X, it was 205 =+ 3,
and for RAK40/70, it was 219 =+ 3. In the transition zone between the base metal and heat affected
zone, microhardness has not declined markedly, i.e., any substantial soft zone hasn’t been found for
each material. Otherwise, other researchers identified soft zones when thicker materials with high
power were welded [5-7,20].

The microhardness HVO05 of the heat affected zone laid for HC340LA-HC340LA within the interval
183 + 7, for HCT600X-HCT600X, it was within interval 314 + 49, and for RAK40/70-RAK40/70, it
was within interval 314 + 56. Thus, the microhardness HV05 of the heat affected zone increased
for high strength low alloyed steel HC340LA 1.2 times, for dual phase steel HCT600X 1.5 times
and for multi-phase steel RAK40/70 1.4 times when compared to the microhardness of base metal.
Higher values of microstructure were identified for dual phase and multi-phase steels in the direction
towards the fusion zone.

The highest values of microhardness for each material were measured in the fusion zone—it
was for HC340LA-HC340LA within interval 213 =+ 3, for HCT600X-HCT600X, it was within
interval 390 + 3, and, for RAK40/70-RAK40/70, it was within interval 474 4+ 3. Hence, the
microhardness HV05 of fusion zone increased for high strength low alloyed steel HC340LA 1.4 times,
for dual phase steel HCT600X 1.9 times, and for multi-phase steel RAK40/70 2.2 times, when
compared to the microhardness of base metal. The microhardness HV05 measured in the fusion
zone for HCT600X-HCT600X and RAK40/70-RAK40/70 differ markedly, and even the welding
parameters for these steels were the same. It is given by different chemical composition, i.e.,
carbon equivalent when calculated according to Yurioki [21,22] from chemical composition shown in
Table 1—CEY H220PD = 0.122; CEY HCT600X = 0.397,’ CEY TRIP40/70 = 0.486:

i M ' M
CEy = C + 0.75 + 0.25tangh[20(C — 0.12)] | 21 4 Mn  Cu  Ni  CrMo+Nb+V

24" 6 " 15 " 20 5 @

The microhardness HV05 measured in the fusion zone is well correlated to the calculated carbon
equivalent CEy, as is shown in Figure 16.
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Figure 16. Microhardness distribution in the laser-welded joint.

3.3. Analysis of Mechanical Properties

Nowadays, the modern design of stampings’ production is realized by numerical simulation,
due to time shortening and optimization of the production process. Thus, material deformation
properties have to be defined as equations describing the stress—strain relationship and material
anisotropy. When simulating cold forming processes, Hill 48 yield criteria and models of stress—strain
are commonly used as follows [17,23,24]:

Hill 48: 5 2041
T +r
U%1+‘7%2*17+r(711022+ Tor 0%, = 0Oy, )
Krupkowski:
o=K(po+9)", ®3)
Hollomon:
o=K-o", @)
Power law:
0= Re+o", ®)

where 011, 027, 072 are stress tensor components, oy is yield strength, r is average normal anisotropy
ratio, K is material constant, ¢ is pre-strain, ¢ is logarithmic strain and # is a strain-hardening
exponent. These are used with basic mechanical properties—yield strength Re, ultimate tensile
strength Rm, extension A, Young modulus E, Poisson’s constant 1, and density p.

Lankford’s coefficients or normal anisotropy ratio r measured at 0°, 45° and 90° describe normal
anisotropy of steel sheets as a consequence of deformation texture after rolling. These were measured
according to the standard mentioned previously. Measured values of mechanical properties (Re or
Rpo2, Rm, Ag, A) and deformation properties (K, 1, r) for base material and a laser-welded one are
shown in Tables 4-6 for each material [25-27].

According to the stress—strain curves for base and laser-welded material (Figure 17), the
considerably lowest work hardening has been found for low alloyed steel HC340LA with ferritic
structure of base material (WHgy 148 MPa, WHyw 148 MPa), when compared to dual phase steel
HTC600X with ferritic-martensitic structure of base material (WHgys 374 MPa, WHyw 360 MPa) or
multi-phase steel RAK40/70 with ferritic-martensitic-bainitic structure of base material with residual
austenite (WHgy 532 MPa, WHyw 483 MPa). The highest deformation hardening has been found for
multi-phase steel due to phase transformation of austenite to martensite when plastically deformed.
A similar tendency has been found for laser-welded samples. Comparing stress-strain curves for
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laser-welded samples HC340LA-HC340LA, HTC600X-HTC600X and RAK40/70-RAK40/70, these
were similar to the stress—strain curves of base material. The fracture occurred in the base material for
laser-welded samples, which imply good quality of laser-welded joints.

Table 4. Mechanical properties of low alloyed steel HC340LA.

Material Dir. Re (Rpo.2) [MPa] Rm [MPa] Ag %]  Al%l K n r
0° 378 449 174 285 728 0178 066
HESMOLA - 450 383 455 168 304 722 0161 085
90° 389 446 181 295 724 0169 076
Average 383 450 17.4 29.5 725 0.169  0.78
Stdev 55 46 07 1 3 0009 009
0° 375 447 17 29 726 0175 065
HE340LA 50 380 451 164 304 718 015 084
90° 386 440 173 265 717 0163 071
Average 380 444 16.7 26 718 0.163 0.76
Stdev 55 5.6 05 2 5 0009 009

* Base material, ** Laser welded.

Table 5. Mechanical properties of dual phase steel HC340LA.

Material ~ Dir.  Re (Rpo2) [MPa] Rm [MPa] Ag %] Al%] K n r
0° 376 632 19 284 109 0217 077
HCT600X 450 378 626 195 28 1084 0215 084
90° 371 627 193 307 1095 0220 081
Average 375 628 193 29 1092 0217 081
Stdev 4 3 03 1 7 0003 004
0° 435 677 17 20 1109 0182 076
HCTO00X 450 430 672 173 223 1117 018 081
90° 427 674 171 233 1112 0187 078
Average 431 674 171 219 1112 0185 079
Stdev 4 3 02 2 4 0003 002

* Base material, ** Laser welded.

Table 6. Mechanical properties of multi-phase steel RAK40/70.

Material Dir.  Re (Rpo2) [MPa] Rm [MPa] Ag %]  Al%] K n r
0° 440 764 253 303 1497 0295  0.658
RAKA0/70° 450 462 761 28 266 1452 0275 0.689
90° 457 766 243 294 1474 0281 0.623
Average 453 764 241 288 1474 0284 066
Stdev 5 3 08 15 13 0004 0.3
cakiosm O 466 657 20 21 1459 0249 066
KI0/70 450 483 659 19 201 1436 0235 0.63
90° 474 662 203 223 1458 0244 060
Average 474 659 198 211 1451 0243 0.63
Stdev 9 2 1 1 13 0007 003

* Base material, ** Laser welded.

Comparison of measured values for base material and laser welded are shown in Figure 18 for
strength properties and in Figure 19 for deformation properties.

For laser-welded samples from HC340LA-HC340LA, 1% lower values of strength properties has
been found (yield strength, ultimate tensile strength, material constant K) and deformation properties
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(uniform extension Ag, total extension A, strain-hardening exponent 7, normal anisotropy ratio )
as well as 5% lower value of r.n.1000 when compared to base material HC340LA.

For laser-welded samples from HTC600X-HTC600X, approx. 15% higher values of yield strength
has been found, approx. 3% higher values of ultimate tensile strength and material constant K and
lower values of deformation properties—uniform extension Ag approx. 12%, total extension A approx.
25%, strain-hardening n approx. 15%, normal anisotropy ratio 7 approx. 2% and 20% lower value of
r.n.1000 when compared to base material HTC600X.

For laser-welded samples from RAK40/70-RAK40/70, approx. 5% higher values of yield strength
has been found, approx. 14% lower values of ultimate tensile strength, approx. 2% lower values of
material constant K, approx. 18% lower values of uniform extension Ag and approx. 27% lower values
of total extension A, approx. 15% lower values of strain-hardening exponent 1, approx. 5% lower
values of normal anisotropy ratio r as well as 19% lower values of r.n.1000 when compared to base
material RAK40/70.

It is supposed that the highest difference in strength and deformation properties for
HTC600X-HTC600X and RAK40/70-RAK40/70 compared to low alloyed steel HC340LA-HC340LA is
given by the volume of martensite, its morphology and distribution on each area of weld joints [23-25].
Similar results have been reached by other authors [5-7,18-20,28,29], although they used specimens
with transverse laser weld and dissimilar materials were joined.
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Figure 17. Stress-strain curves of base material and laser welded.
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Figure 18. Strength properties of base material and laser welded.
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Figure 19. Deformation properties of base material and laser welded.

4. Conclusions

A wide range of metal sheets with the same or different thicknesses are joined by laser welding.

However, there is a change in mechanical properties in the area of the fusion zone and the heat affected
zone, due to its microstructure and width of weld joints. The experiments were focused on the research
of laser welding impact on strength and deformation properties of metal sheets with thickness 0.78 mm
from high strength low alloyed steel HC340LA, dual phase steel HTC600X and multi-phase steel
RAK40/70, prepared as TWBs with longitudinal weld when tested.

Based on the research performed, the findings are as follows:

The proper quality of laser-welded joints has been reached for lower welding speed and power:
50 mm-s—! and 1700 W for low alloyed steel HC340LA-HC340LA; 50 mm-s—1 and 2000 W
for dual phase steel HTC600X-HTC600X; and 50 mm-s~! and 2000 W for multi-phase steel
RAK40/70-RAK40/70. This is well correlated with results presented in [18,19,28,29].
Laser-welded joints of experimental materials have shown proper quality of weld root and no
porosity, and the good quality of joints has also been proven by tensile test, where fracture occurs
in the base metal for each material.

Microhardness HV05 measured in samples for microstructural analysis has shown the highest
values in the fusion zone for each material, and these gradually declined in heat affected zones
towards the base material. Any substantial soft zone has not been found for each material.
Microhardness of the fusion zone is well correlated to the carbon equivalent calculated by Yoriuki.
Higher scattering of microhardness has been found for dual phase and multi-phase steel as a
result of microstructure in the fusion zone and heat affected zone.

Stress strain curves for base material and laser-welded ones show the same tendency for each
material. The highest work hardening has been found for multi-phase steel RAK40/70 due to
phase transformation of austenite to martensite when plastically deformed.

Deformation properties are more sensitive than strength properties to the change of
microstructure in the fusion zone. A greater change of uniform extension Ag and total extension
A as well as a lower change of normal anisotropy ratio » and strain hardening exponent n—has
been found for dual phase steel HTC600X-HTC600X and multi-phase steel RAK40/70-RAK40/70
when compared to low alloyed steel HC340LA-HC340LA. This is related to martensitic structure,
its morphology and distribution in the fusion zone for dual and multi-phase steels, and ferrite,
bainite (or martensite) structure in the fusion zone for high strength low-alloyed steel.
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A possible solution to improve deformation properties of DP-DP, TRIP-TRIP or DP-TRIP steels
can be found in their heat treatment or welding by two laser beams to reduce the cooling rate after
laser welding.
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Abstract: The control of metal wettability is a key-factor in the field of brazing or welding-brazing.
The present paper deals with the numerical simulation of the whole phenomena occurring during
the assembly of dissimilar alloys. The study is realized in the frame of potential applications for the
aircraft industry, considering the case of the welding-brazing of aluminum Al5754 and quasi-pure
titanium Ti40. The assembly configuration, presented here, is a simplification of the real experiment.
We have reduced the three-dimensional overlap configuration to a bi-dimensional case. In the present
case, an aluminum cylinder is fused onto a titanium substrate. The main physical phenomena which
are considered here are: the heat transfers, the fluid flows with free boundaries and the mass transfer
in terms of chemical species diffusion. The numerical problem is implemented with the commercial
software Comsol Multiphysics™, by coupling heat equation, Navier-Stokes and continuity equations
and the free boundary motion. The latter is treated with the Arbitrary Lagrangian Eulerian method,
with a particular focus on the contact angle implementation. The comparison between numerical and
experimental results shows a very satisfactory agreement in terms of droplet shape, thermal field and
intermetallic layer thickness. The model validates our numerical approach.

Keywords: dissimilar joining; laser welding-brazing; finite element method; titanium; aluminium

1. Introduction

Assembling dissimilar alloys is widely used to reduce the weight of built structures while keeping
satisfactory mechanical properties. For instance, in the aircraft industry, the material couple frequently
encountered is titanium associated to aluminium. In this configuration, the titanium has better
mechanical properties and is less sensitive to the corrosion attack, whereas the aluminium is 40% lighter.

The main difficulties to address when joining two dissimilar materials with conventional processes
are frequently linked to the formation of intermetallic compounds. As shown by Gupta et al. [1],
and confirmed by Al-Ti binary phase diagram, the aluminum has a solubility in titanium. For this
reason, there is a diffusion phenomenon of the titanium into aluminium and that tends to generate
intermetallic compounds, which are known to be very brittle ceramic materials that affect mechanical
properties of assemblies. Moreover, the large differences in microstructures, melting temperatures
and thermal properties favour the use of solid state joining methods: diffusion bonding, brazing
or welding-brazing, whereas the bonding between the two materials is obtained by the diffusion of
chemical species through the interface and the resulting formation of intermetallic (IM) compounds
(TisAl, TiAl, TiAls ... ) [2,3].

A lot of works presented in literature are focused on the mechanical effect of the intermetallic
layer on the interface strength. On one hand, Majumdar et al. [4] and Chen et al. [5] have studied the
crack initiation and growth in Ti/ Al assembly, whereas Rastkar et al. [6] have addressed the hardness
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changes in the intermetallic layer. On the other hand, Liu et al. [7] have worked on the numerical
representation of the IM phase growth.

Chen et al. have also considered the process of welding-brazing with lasers [8] and they have
focused on the improvement of the interfacial layer [9].

Previous works have been carried out to try to quantify the microstructural and mechanical
properties of T40/A5754 joints in overlap configuration (Figure 1) [10], also called reactive wetting [11].
The adhesion strength was characterized by the laser shock adhesion test (LASAT) and an important
sensitivity to the reaction layer thickness was shown. The best mechanical results were obtained
with a small intermetallic layer thickness, around 1 or 2 micrometers. Lower thicknesses do not
lead to sufficient bonding and higher values produce a brittle layer which reduces global material
properties. It was also observed that, due to tensio-active effects, the aluminium oxide at the surface of
the melt-pool strongly reduced its wettability on a titanium substrate. The interfacial contact surface
was thus reduced resulting in lower tensile and adhesion strength for the assembly. This confirms that
the mechanical resistance of a heterogeneous Ti/ Al assembly was dependent on both the reaction layer
area and the layer thickness. The latter is directly linked to the diffusion process, i.e., to the thermal
field, and the laser parameters (velocity, intensity ... ).

Weld join

Figure 1. Scheme of the welding-brazing overlap configuration.

In this context, the aim of our numerical study was to compute the dynamics of the wetting
process, to determine the temperature distribution T = f(x, t) at the Ti-Al interface and then to correlate
it to the TiAl; layer thickness obtained experimentally (Figure 2). In a next step, a validated model
should allow for optimization of all of the Ti/ Al assembly parameters.

Figure 2. Scanning Electron Microscopy analysis of TiAl; serrated intermetallic layer.
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It should be noted that the present study aims to propose a complete multiphysic simulation of
complex phenomena occurring during the Ti/ Al reactive-wetting process. In this paper, the physical
problem was simplified and reduced to a bi-dimensional one, for which specific experimental
measurements were implemented to validate numerical simulations. Nevertheless, the present
numerical developments will be improved to further three dimensional studies.

This paper is divided into the following steps, after (1) a detailed description of the physical
problem (heat transfer + fluid flow + mass transfer), the corresponding mathematical equations to be
solved, and the main numerical conditions and assumptions, (2) the numerical results are presented
and validated experimentally. An analysis of the process physical phenomena is then proposed (3)
and future investigations are envisaged.

2. Experimental, Physical and Mathematical Description of the Ti/Al Reactive Wetting Assembly

2.1. Experimental Work

As previously indicated, the present paper is focused on a simplified Ti/ Al reactive wetting
assembly with a static laser irradiation. Indeed, before envisaging a more complex 3D simulation
of the process, a preliminary study had to be made to ensure the validity of our thermo-hydraulic
model. Moreover, in an overlap configuration, a specific focus on Al over Ti wetting parameters
(surface tension and wetting angle) was expected to be an important point to address, because of
a direct impact on joint shape and contact area. For this reason, the present work is dedicated to the
numerical simulation of a real but simplified 2D axisymmetric case (Figure 3) where a top-hat laser
beam irradiates during 1 s an aluminum cylinder that wets a titanium solid sheet.

Because aluminium is extremely sensitive to oxygen and to avoid a lack of wetting due to an
alumina film between aluminium and titanium, the whole cylinder was coated by a fluor-based
(Nocolok™, Solvay, Bruxelles, Belgium) anti-oxidation flux before melting. The effect of fluxing on
surface tension is not well known but the influence of oxygen has already been studied, among other
authors, by Molina et al. [12]. They indicated a decrease of surface tension coefficient when surfacic
aluminum oxide occured, in the form of isolated Al,Os islands. The corresponding surface tensions
variation with temperature (y(T) = 0.883 — 0.185 x 10~3(T — 660)) were used in the present paper.
Such values were confirmed by [13].

Z axis

a ]
aser radius |

Aluminium
cylinder

Titanium plate

Figure 3. Axisymmetric experimental set-up of laser-assisted aluminum wetting on titanium.

2.2. Physical Description of the Reactive Wetting Phenomenon

In this sub-section, the physical phenomena are described and the corresponding mathematical
models are written.

The phenomena occurring in the axisymmetric case are mostly like those appearing during the
real 3D welding-brazing process.
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In a first step, the laser beam heats the upper part of the cylinder in solid state. As soon as
the metal is fused, a fluid flow is generated, and the aluminium droplet starts spreading on the
Ti substrate. This flow is mainly driven by the thermocapillary forces but the buoyancy forces are
also present. The resulting droplet has a shape which is theoretically (Young-Laplace principle [14])
dependent on the equilibrium between the surface tension and the local pressure (Figure 4). However,
considering that surface tensions are highly sensitive to the temperature and because temperature
is continuously varying with time during the wetting event, the process is dynamic. Similarly,
the wetting angle (0) is a result of the surface tensions equilibrium (Young Duprés principle [14]) at
the triple point (gas, liquid and solid) but the Al droplet is moving with time. As the substrate is not
perfectly smooth, a viscous dissipation is observed. The wettability is thus highly time dependent
because of the temperature dependence of the surface tension. Another important phenomenon to
consider is the influence of the oxidation on surface tension values, which has already been studied by
Laurent et al. [15]. A large increase of the wetting angle with the oxidation rate was experimentally
observed at a constant temperature.

laser power

Surface tension
Weight
Dynamic pressure

Thermal convection (Al)
Liquid flow

Thermal conduction (Al)

Intermetallic layer

Titanium diffusion Ti

Thermal conduction (Ti)

Figure 4. Simplified scheme of the physical phenomena involved during the fusion of an aluminium
cylinder on a thin titanium substrate.

In a last step, once the cylinder is entirely fused and exhibits a sufficient temperature level,
the titanium starts diffusing directly towards molten aluminium at the beginning of the wetting,
and through a thin layer of intermetallic phase in a second step [16]. Additional contributions like
fluid flow at the Ti/ Al interface are also expected to favour Titanium mass transfer versus aluminium.

The inter-diffusion process occurring inside the binary Ti-Al, forms different compounds, TizAl,
TiAl, TiAly, TisAlyq, TigAlyz and TiAlz. The phase diagram of Ti-Al, leads to two main remarks, firstly,
some intermetallic phases (TiAly, TisAlyy, TigAlps and TiAlz) appear for a line concentration. Secondly,
in case of titanium diffusion in aluminum the first intermetallic appearing is the TiAl3. Moreover,
as reported by Sujata et al. [2], in different works, TiAlj is the only phase formed in case of liquid
aluminum reacting with solid titanium.

2.3. Mathematical Formulation

The physical problem detailed in the previous section has been addressed by solving partial
differential equation (PDE) with adequate boundary conditions. The main details and assumptions
of the corresponding model have been described below. The main assumption of the model is that
a cylindrical coordinates system was used for the numerical calculations (simulated geometry in
Figure 5), which seemed to be particularly appropriate for reproducing experiments.
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Figure 5. Geometrical model.

2.3.1. Thermal Problem

The energy conservation PDE was solved in the whole domains (Al U Ti):

o5 ) + oDV T = 5+ (N1)¥T) B

In this equation, c’;,q is an equivalent specific heat used to account for the latent heat of fusion
(Lp) [17].
’(T’Tf115)2>

. 0 exp( ATZ
(T) = c(T) +LfW

The energy of phase change was thus distributed, through a Gaussian law, between the solidus

@

and the liquidus temperatures (AT).

Thermal properties (p, c?, and A) were assumed to be temperature dependent for both materials
and were taken from the literature [18]. Since physical properties of Al 5457 and Ti40 alloys are not
easily available in literature data, the properties of equivalent materials (Al 5182 and pure titanium)
were considered.

An axisymmetric condition was set at AE U EF:

oT

=AT)5 =0 ®)

Convective and radiative heat losses were considered at DH U HG U GF:

aT
~ A1), = hoel(T = Ting) + e0(T* = T (4)
At AB U BC U CD, the aluminum workpiece was both irradiated by the top-hat (uniform) laser
source and submitted to radiative or convective heat losses. Thus, the inward heat flux was written as:

P
A(T)IT = o T = Ti) = eo (T~ Ty) 5)
aser

It should be noted that, experimentally, aluminum and titanium workpieces were not perfectly in
contact at the ED boundary (Figure 5). For this reason, the thermal contact between aluminum and
titanium was addressed by a contact resistance (Rc) which is equivalent to a 10 um layer of air before
the fusion and 1 um of intermetallic layer after the fusion (A = 0.026 W-m~2.K~1 et Ayjo3 = 1.03
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W-m~2.K~! [19]). We assumed here, that the thermally-assisted diffusion of Ti to Al started just after
the wetting. The interfacial condition becomes:

JdT  ATi

(6)

With ATi the temperature difference between the two materials at the interface.

2.3.2. Fluid Flow Problem

In order to reduce the number of degrees of freedom (DOF), the fluid flow problem was solved
only in the aluminium volume. Moreover, as this material is submitted to high thermal expansion,
the medium was assumed to be weakly compressible.

In the Al domain, the continuity Equation (7) and the momentum conservation (8) were solved.

%—%-(p(]ﬁ?) =0 @)

—— —— 2 - =
—pl+u|l VV+ <VV> —§u<V~V>I

where ﬁ, is a volumic force which includes the gravity component p(T)§ on the z direction.

It should be noted here that the previous Equation (8) is only suitable for Newtonian flows with
Mach number smaller than 0.3; this condition is satisfied in the present case.

An axial symmetry i.e., a zero-normal velocity was set at the AE boundary.

p(T)aa—‘: +o(T) <7.€>\7 —v. 4 ®)

Vi =0 ©)
As titanium is expected to remain at a solid state during the whole process, the real boundary
condition at ED was assumed to be a flow with no slip (V = 0). However, this condition nullifies
the r component of the velocity at point D whereas the motion of the free boundary surface with the
ALE method needs a non-zero value. For this reason, at this boundary, a condition of wall with slip
was assumed: N
N

Vin=0 (10)

The no-slip condition was virtually set as follows, considering an artificial dynamic viscosity:

w (1)
w={ +10f;u(T) + 1.105(T > T5) (2) (11)
+100(1 — H(z — zo,dz))}  (3)

With H(...,..) the Heaviside function, zj the titanium thickness and dz a smoothing length set as
small as possible (the size of the first element).

The Equation (11) is composed of three parts. The first (1) corresponds to the real property of the
fluid. The second (2) allows increasing the viscosity in the mushy zone and nullifying the velocity in
the solid phase. The third (3) was used to stop the flow at the titanium boundary.

The motion of boundaries AB U BC U CD was computed with the Laplace law:

o= Y(T)x (12)

With « is the local curvature of the free boundary and y the surface tension assumed to be linearly

dependent on the temperature:

Y(T) =+° + %(Tf Tfus> (13)
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The slope of this function g% is also known as the thermocapillary coefficient, responsible for the
Marangoni effect.

The wetting angle was considered with a “driving” [11] or “wetting” [20] force located at the D
point and written as follows:

fw =¢€vy(T) (tf~ts + cos 65> -t (14)

The wetting angle (6;) results from the equilibrium between the three surface tensions:
liquid-vapour, liquid-solid and solid-vapour at the D point [14]. #; and f;, are the tangential unity
vectors respectively to the liquid part and to the solid phase. While the interaction between the liquid
and its vapour is well known in our case, the values of the two other surface tensions could not easily
be found in the literature. Nevertheless, this parameter is very easy to observe experimentally and the
few works found in the literature indicate a linear decrease of the angle with the temperature [21,22].

2.3.3. Free Boundary Motion

The domain mesh displacement and the free boundary motion were computed with the
Arbitrary Lagrangian Eulerian (ALE) method [23]. This method is based upon a physical Lagrangian
computation of the boundary shape (AB U BC U CD) and an arbitrary Eulerian calculation of the
domain nodes displacement. The elements into the bulk are moved arbitrarily but with a smoothing
method named “hyperelastic”. This method searches the minimum of mesh deformation energy [24].

Atboundaries AE, EF and GH the displacement was set free on the z axis and set to zero on the r
axis. Conversely, the motion condition at boundaries ED, DH and FG was free on r and zero on z.

The free boundaries (AB U BC U CD) are then moved by the computed normal velocity
(Equation (15)).
=

n

Vin=uxn,+wxn, (15)

With (1, w) and (n,, n;) the components of, respectively, the velocity vector and the normal vector
to the boundary.

2.3.4. Mass Transfer Problem

This problem was not solved with the three others because of element sizes used for the diffusion
problem (<100 nm) that leads to the resolution of a too large problem (>2,000,000 degrees of freedom).
Nevertheless, as the temperature was rapidly homogeneous on all the interface aluminium/titanium,
we assumed that the diffusion could be computed in 1D, along the z axis. Of course, this strong
assumption will be justified in the results section.

The conservation equation that was solved here is the second Fick’s law (Equation (16)):

ac; = =
5t = V| Prizai(T)Ve; (16)

where ¢; is the titanium concentration and Dryy; a temperature-dependent Arrhenian diffusion
coefficient (Equation (17)):

—AH
Drijar = D3;) 41 €xp (TT > (17)

With D%7;4; a pre-exponential factor and AH the activation energy.

As the diffusion of aluminium in the titanium is very weak (107! < D% 477 < 10712 m?:s~! and
AH > 103 J-mol~! [25]), we only considered the titanium diffusion towards aluminium (D /A1 =429
x 1077 m2.s~1 [26] and AH =180 x 10° J-mol~! [3]). The value of activation energy here represents
the diffusion of titanium in aluminium through an existing diffusion barrier, the TiAl; layer.

As the problem is mono-dimensional, only two boundary conditions were considered: (1) at the
titanium /aluminum interface, the titanium concentration was assumed to be 100% (Equation (17)) and

2 1
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(2) at the boundary representing the upper part of the aluminum, the titanium flux was assumed to be
zero (Equation (18)).
c(z=0)=0 (18)
—aC,‘
on

For the initial condition, we assumed that there is no titanium in the aluminum.

=0 19)

2.4. Material Properties

Table 1 summarizes the main model parameters used for the calculations. Some of these values
were taken from the literature. Other ones were identified experimentally and the last ones are
process parameters.

Table 1. Materials’ properties.

Properties Values/References
Thermal conductivity (Al-Ti) ANT) [18]
Specific heat (Al-Ti) (1) [18]
Density (Al-Ti) p(T) [18]
Convective coefficient hew =15 W-m=2.K~1
Aluminum Absorptivity «=0.18
Aluminum Emissivity e=0.18
Titanium Emissivity e=05
Latent heat of fusion Ly =2.6 x 10° ]'kg‘l
Stefan-Boltzmann constant =567 x 1078 W-m2.K*
Aluminium melting range 815913 K
Titanium melting range 1921-1941 K
Reference surface tension 10 [25]
Surface tension variation dy/dT = —1.44 x 10> N-m1.K!
Aluminium Dynamic viscosity 10 =0.0011 Pa-s
Contact resistance Re=1x10*Km2W!
Solid fraction Ssot(T) [18]
Laser power 1250 W
Beam diameter 2.4 mm

2.5. Numerical Considerations

The PDE equations were solved by the finite elements method, with the commercial software
Comsol Multiphysics™ (V4.4, Comsol INC, Burlington, MA, USA, 2016).

Due to the deformation of a droplet and to the remeshing process (based on the mesh quality),
triangular element shapes were chosen. The mesh (Figure 6) was built in three steps. The first meshed
part is the aluminium boundaries. Then, the aluminium domain and finally, the titanium domain was
freely meshed. In each domain, the elements growth factor was set at 1.3. A 40 um maximal length of
boundary elements was set in order to allow a compromise between computational times and solution
accuracy. It has been performed by a convergence study. Decreasing the size of mesh has no significant
effect on the results (thermal and velocity fields).

- 40 um

— 100 ym
Growing factor 1.3

2\ /\ " /
f Growing factor1.3 ./ ,
ANV ANFA
\ N\ VAVAVAV

Figure 6. Mesh configuration.

228



Metals 2017, 7, 218

Moreover, the thermal (T) and fluid flow (u, w and p) problems were solved with linear
interpolations. For the ALE problem (r and z coordinates of the mesh), the geometry shape was
represented with linear functions. To reduce the numerical instabilities due to linear interpolations,
the calculation of velocity and pressure was stabilized by adding numerical crosswind diffusion.

This mesh leads to solve nearly 8000 degrees of freedom. A re-meshing process was used to avoid
the loss of elements quality during the deformation, and each re-meshing was done when the mesh
quality was below 0.2.

A fully coupled resolution was performed with the parallel sparse direct linear solver PARDISO.
The numerical scheme used to solve the time-dependent problem was the implicit generalized-alpha
method, and an adaptative time-stepping was used with a maximum time step of 0.0005 s. During the
resolution, the use of a maximal time step value allowed for avoiding severe transition between two
iterations and thus reduced time loss due to time step recalculation.

The error was controlled with an absolute tolerance of 0.01 (with the unit of each calculated
variable) and a relative tolerance of 0.01%.

Such numerical conditions led to a calculation time lower than one hour for the global
thermohydrodynamics process with 1.6 GHz CPU frequency on 4 threats and with 1600 MHz random
access memory (on a laptop computer).

3. Results and Discussion

Before extensively using such a numerical model, we had to check the validity of its results.
For this purpose, numerical solutions were compared to a dedicated Al/Ti reactive wetting
experiment, where appropriate diagnostics were considered to validate or reject the numerical solution.
As indicated in Section 1, the following diagnostics were used: (1) a C-Mos fast camera to monitor
the droplet shape evolution with time, (2) thermocouples to measure the temperature of the titanium
surface, and (3) optical micrographs to determine the reactive layer thickness.

As shown in Figure 3, a camera was positioned in front of the work-piece. This camera analysis,
using a frame rate of 100 Hz, recorded the transient evolution of the droplet shape. In order to have a
sufficient lighting of the work-piece, a halogen light is used.

A type-K thermocouple was spot-welded on the titanium surface (aluminium side) at a 5 mm
distance from the laser beam axis (Figure 7). As the thermal measurement is quite far from the
aluminium drop, the sensitivity is quite poor, and the TC data was mainly used to measure the initial
temperature and to observe the diffusion through the two mediums.

Aluminium droplet

Titanium substrate

Thermocouple
hot junction

20 mm

20 mm

Figure 7. Experimental configuration.

Calculations were carried out using process parameters that were summarized in Table 1.

3.1. Droplet Shape Dynamics

Figure 8 shows a comparison between the experimental and numerical droplet shape variation
with time. For each time step, the simulated droplet is placed besides the corresponding experimental
picture. The numerical model is shown to provide a satisfactory agreement with fast droplet distortions.
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Figure 6 shows three steps in the droplet behaviour. (1) the fusion process occurs until £ = 0.15 s,
then (2) a spheroidisation is observed between t = 0.15 s and f = 0.25 s and (3) an increase of wetting
appears until the end of the shot.

At t = 0.1 s the camera observation allows distinguishing between the three classical zones:
the liquid phase (on the top), an intermediate zone (probably not exactly the mushy zone) and the
solid phase (at the bottom). Simulation results clearly show the isothermal lines corresponding to
the solidus temperatures, which correspond quite well to camera observations. Similar conclusions
can be found at 0.15 s time for the transition between liquidus and intermediate zone. In this picture,
only two parts are shown: the liquid (which exhibits a mirror-like surface aspect) and a partially
oxidized liquid zone (the bottom). Both wetting times globally validate the transient thermal field,
and confirm macroscopically the thermal assumptions of the model.

In Figure 8, arrows are used to show the convection flow. The first step corresponds to the
initiation of convection flow at the droplet surface by the Marangoni convection (thermocapillary effect).
The second step is the creation of two convective cells, moving with time inside the droplet contour.

Viax =0 mM.s™ Vinax s Vimax=1.0m.s
e = 293 K Toax= 1162 K Tonax = 1426 K

T||q T
3 liqg
Tso

Vimax =09 m.s Vinax =09 m.s!
Tmax=1517K Tinax = 1692 K

t=025s
Figure 8. Experimental and numerical shapes comparison.

3.2. Thermal Validation

Figure 9 shows a comparison of experimental and numerical temperature versus time thermal
cycles, considering one point of the titanium substrate, 5 mm distant from the laser beam axis
(cf. Figure 7). A rather good agreement can be shown between numerical and experimental results.
Both the dynamic evolution with time and the maximum amplitude are well reproduced by the
model, except concerning the first temperature peak observed experimentally for the short times
(between 0.1 and 0.3 s), which is attributed to a laser beam reflexion towards the thermocouple. Indeed,
this time interval corresponds to the high droplet deformation phase (transition between no-wetting
and wetting, Figure 8).
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Figure 9. Experimental and numerical temperature versus time profile at a 5 mm distance from the
droplet axis.

3.3. Intermetallic Layer

After validating the thermal and fluid flow numerical model, the mass transfer problem was
addressed, with the objective of computing the intermetallic layer thickness.

Before considering numerically, the diffusion problem we have checked the assumption
concerning the thermal homogeneity of the interface. Figure 10 shows the temperature distributions
along the radius for different time steps. This graph exhibits a quite homogeneous temperature
distribution along the r axis, which validates afterwards our initial assumption of interfacial
thermal homogeneity.
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1100
=
‘E" T —————
3
E 900 —T(0s)
5 —T(0.1s)
= 700 —T(0.15s)
—T(0.25s)
500 —T(0.5s) -
T(1s)
300
0.0000 0.0005 0.0010 0.0015 0.0020
Radius (m)

Figure 10. Interface temperature distribution with time along-r radial distance

With this graph, we observe a quite homogeneous temperature along the r axis, thus our
assumption seems to be realistic.

The results of the diffusional problem are shown in Figure 11 where the titanium concentration is
put along the symmetry axis for different time whereas Figure 12 shows the experimentally observed
layer thickness. The horizontal line shown in Figure 11 is the assumed level of TiAlz formation (25%Ti
and 75%Al). The numerical value obtained at the last time step is 2 um. Compared to the experimental
observation (1.5 um), the numerical result was considered satisfactory, considering the assumptions
made on input parameters, and especially on diffusion coefficient and activation energy.
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Figure 11. Titanium concentration in aluminum along the z axis.
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Figure 12. Experimental measurement of intermetallic thickness.

This comparison between simulation and experiment leads to 25% of relative error in terms of
intermetallic thickness. This value seems to be very high; nevertheless, it is satisfactory considering
the high level of uncertainty on diffusion parameters coming from the literature. Moreover, as shown
in Figure 2, the layer is very serrated thus accurate experimental measurements are very difficult.
For instance, two measurements made at local maximums (arrows in Figure 12) give values higher or
equivalent to the 2 pum coming from simulation.

4. Conclusions

As a conclusion, this paper gives the different steps of the reactive wetting process simulation
(welding-brazing process). The full assumption and mathematical models are described and justified.
A thermo-hydrodynamic problem is firstly considered and then the diffusion of species is computed.
The results, in terms of thermal field, velocity field and intermetallic thickness were compared to
an experiment and results are very satisfactory.

The numerical layer thickness is a little bit larger than the experimental one (0.5 pm). Nevertheless,
the simulated intermetallic layer is assumed to be homogeneous on the whole contact surface, which is
not the case experimentally. While the aspect of intermetallic grain growth should be introduced in
the model in order to obtain these level of details, the numerical resources available do not allow us
to treat it. Indeed, the scale difference between the thermal problem (millimeter) and the diffusion
problem (micrometer) and the resulting mesh lead to a large problem. That is why the uncoupled
resolution looks to be the current best solution.

In future works, this method will be applied to the real welding-brazing case (overlap
configuration) which means that the geometry will be three dimensional. The results will help
the process user to set coherent process parameters.
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Abstract: Titanium and its alloys are increasingly being used in aerospace, although a number
of issues must be addressed. Namely, in the framework of welding to produce complex parts,
the same mechanical strength and a reduced buy-to-fly ratio are desired in comparison with the
same components resulting from machining. To give grounds to actual application of autogenous
laser beam welding, Ti-6Al-4V L- and T-joints have been investigated in this paper, as they are
a common occurrence in general complex components. Discussions in terms of possible imperfections,
microstructure, and microhardness have been conducted. Then, a real part consisting of a support
flange for aerospace application has been chosen as a valuable test-article to be compared with its
machined counterpart both in terms of strength and buy-to-fly. The feasibility and the effectiveness
of the process are shown.

Keywords: laser beam welding; buy-to-fly; L-joint; T-joint; Ti-6Al-4V

1. Introduction

New materials and methods are being tested for aerospace in order to meet the challenges of
innovation and reduce operating costs, but extensive studies are mandatory before introducing any
change in industrial environments, as strict standards apply. In this regard, mechanical assembly is
generally preferred because a reduction in waste material is achieved compared with its machined
counterpart; this trend leads to shorter lead times and lower buy-to-fly ratio (i.e., the weight ratio
between the amount of raw material to manufacture a component and the amount of the final part) [1].
Namely, improvements at the design stage are aimed to remove any mechanical fastening, such as
screwing and riveting to introduce welded assemblies, thus preventing any increases in thickness.

Laser beam welding (LBW) is regarded as the logical solution to accomplish these different needs,
as a number of benefits are provided in comparison with conventional welding technologies [2,3].
For instance, the process can be performed in remote locations and over three-dimensional components
from single side access [4], autogenously and generally with no need for post-processing such as
mechanical finishing; increased processing speed is achieved, and as a consequence, productivity
is improved [5]. Advantages come from the primary feature of narrowly focusing the heat source;
deep penetration is achieved when performing the process in key-hole mode, thus focusing the beam
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energy where required, preventing overheating of the base metal, which would suffer from thermal
distortion and degradation of metallurgical properties otherwise [6].

A number of papers are available in the literature dealing with LBW of titanium alloys, which
are widely used in aerospace thanks to high strength in combination with low density and good
tensile properties; medical and surgical devices are even produced thanks to high biocompatibility [7].
Given these reasons, Ti-6Al-4V accounts for more than half of all titanium tonnage in the world and no
other titanium alloy is deemed to threaten such a dominant position [8]: it is normally and extensively
employed for turbine disks, compressor blades, airframe and space capsule structural components,
rings for jet engines, pressure vessels, rocket engine cases, helicopter rotor hubs, fasteners, and engine
exhausts [9]; thick titanium plates of up to 16 mm, for seagoing vessels and submarines, are even
welded by means of LBW in the maritime industry [10].

In comparison with traditional technologies, tight laser beams have been proved to be effective in
reducing both angular distortion and longitudinal bending on thin sheets [11]. Furthermore, a reduced
mean grain size in the fusion zone is achieved; the overall mechanical quality is hence improved,
considering that the grain growth is deemed to be one of the reasons for the reduction of tensile
strength upon welding [12]. On the other hand, a significant reduction in ductility may occur due to
aluminum oxides and micro pores. Provided that inert shielding is accomplished for the purpose of
bead protection to produce sound joints and prevent oxidation [13], it has been shown that as few
as 2% total porosity implies an 85% decrease in the ultimate tensile strength of the joint with respect
to the base metal [12]; moreover, due to the specific evolution of the thermal fluid flow, porosity is
found to occur mainly when the fusion zone is only partially penetrating through the thickness of
the material [14]. In this way, uniform flow in the welding pool can be driven by the shielding gas,
when the diameter of the key-hole is made larger and more stable [15].

A reduction of the mechanical properties may also result from non uniform fusion and geometry
imperfections such as undercut and shrinkage groove [16] in the cross-sections, although a reliable
predictive model to assess the extent of these as a function of the processing parameters has been
proven to be unfeasible [13], as for other metal alloys [17]. Therefore, wire feeding [18] or hybrid
welding with an assisting gun [19] are considered the usual practice to prevent imperfections.

Changes in the base microstructure and microhardness are produced as a consequence of
welding. The parent metal is a two phase allotropic alloy [9]: the typical annealed microstructure
consists of a hexagonal close-packed matrix with a body-centered cubic § phase at grain boundaries.
A non—diffusional transformation into a martensitic «” microstructure is induced upon welding and
cooling [8,20], hence the resulting hardness of the fusion zone is increased with respect to the parent
metal [21]. Namely, a remarkable increase in the order of even 140 HV normally occurs in the fusion
zone, although no clear trends in the mean value are reported as a function of the welding speed [8].

In order to improve ductility and fatigue properties in the fusion zone, post-welding heat
treatment is required [22,23]. It has been reported in the literature [24] that full annealing of welds at
700 °C for 2 h results in improved fracture toughness in the operating range from room temperature to
500 °C, with a moderate decrease of hardness (i.e., from 361 to 356 HV on average) in the fusion zone.

To provide further understanding of LBW of Ti-6A1-4V and to provide valuable insight to be
used in real parts, a number of tests are discussed in this paper relating to both L-joint (i.e., corner joint,
fillet joint ) and T-joint (i.e., right-angled joint), as both of them occur commonly in general complex
components. The processing window has been set, then the outcome in terms of deviations from
the intended geometry, the microstructure and the microhardness has been discussed. Furthermore,
a proper test-article for aerospace application has been chosen, welded and tested to assess the
effectiveness of LBW on actual components where multiple welds are required. Namely, welding,
destructive and non destructive testing on a support flange have been conducted; a comparison has
been drawn with the machined counterpart and the improvement in terms of buy-to-fly ratio has been
eventually discussed.
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2. Materials and Methods

2.1. Process Set-Up

To set the processing window, L- and T-joints (Figure 1) have been investigated; 3 and 5 mm thick
plates have been considered. The welding set-up to access the joints with the laser beam has been
chosen to comply with usual customer regulations in aerospace, since uniform complete penetration is
mandatory and transparent welding, as investigated before [25], is not allowed. As a consequence,
a proper approaching angle o of the laser beam to access the joint from inside must be considered.
Furthermore, in view of shifting the results on a real component and given the need for combined,
integrated clamping and effective inert shielding of the welding bead (i.e., top- and back-side shielding),
autogenous welding has been considered; additional complex and expensive devices for wire feeding
or hybrid welding would be required otherwise, whereas proper room for managing the laser head
along the welding path on the test-article is crucial.

3mm 3mm

LASER BEAM

LASER BEAM LASER BEAM

o [ \a
I — = smm

(A) (B)

Figure 1. Welding joints to be investigated in the process set-up, (A) L-joint and (B) T-joint.

Although widespread research has been conducted with the same laser source on the same alloy
on square butt joints [13,26], a convenient adjustment of the processing window has been required
to comply with the current geometry. Irrespective of the joint type, the laser beam nominal power
has been taken as a constant, 6 kW in continuous wave operation mode; a focused beam has been
delivered to the theoretical interface. As regarding the L-joint, the effect of welding speed has been
investigated; the beam angle to approach the joint has been taken as a constant, 25°, with respect to
the 5 mm thick plate. In regards to the T-joint, a fully penetrative bead must be obtained by means of
two welding passes, one pass at each side of the joint, each pass being partially penetrative (Figure 2);
hence the welding speed has been conveniently adjusted (i.e., increased) with respect to the L-joint and
the approaching angle « has been investigated for the purpose of uniform fusion along the interface.
A recap of the processing conditions to be tested on sample joints is given in Table 1.

(A) (B)

Figure 2. Tjoint, scheme for welding by means of two passes: (A) first pass, (B), second pass, each one
being partially penetrative.
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Table 1. Processing conditions for sampling, based on the type of joint; focused beam.

Joint Type  Power (kW)  Speed (mm-min—!)  Approaching Angle (°)

2400
L-joint 6.0 3000 25
3600
20
T-joint 6.0 4800 25
30

Positions of the devices to perform laser beam welding (LBW) on the specimens is a carryover
of a patent [27]. With respect to the direction of welding, a leading nozzle and helium supplying has
been used for metal plasma blow. A trailing diffuser has been considered for argon shielding of the
top surface of the welds instead. Shielding of the root in case of fully penetrative welding on L-joints
has been accomplished by means of additional argon supply via a grooved box. Based on preliminary
trials, a flow rate of 10 L/min has been set for assisting helium, whereas the argon flow for the surface
and root has been set to 50 and 30 L/min, respectively.

Prior to welding, the samples have been manually polished with abrasive grinding paper, then
degreased. LBW has been performed using a Yb:YAG fiber laser source (IPG Photonics, Oxford,
MI, USA), whose main technical features are given in Table 2; three specimens have been processed
for each welding condition. A 735 °C, 120 min heat treatment has been conducted in vacuum on
the welding beads (TAV Vacuum Furnaces, Caravaggio, Italy) to the purpose of stress relieving.
Inspections in three cross-sections coming from each weld have been conducted upon chemical etching
with a solution of hydrofluoric acid (48%, 10 mL), nitric acid (65%, 15 mL), and water (75 mL) at room
temperature. Vickers microhardness testing (Zwick Roell, Ulm, Germany) has been performed to
investigate the response of the material in terms of microstructure evolution; namely, an indenting
load of 0.300 kgf has been used for a dwell period of 10 s; a 150 um step has been allowed between
consecutive indentations, in agreement with the usual international standards on Vickers testing [28].

Table 2. Laser welding system, main technical data.

Parameter Value
Maximum output power (kW) 10.0
Laser light wavelength (nm) 1030
Beam parameter product (mm x mrad) 6.0
Delivering fibre core diameter (um) 200
Focus diameter (um) 300

2.2. The Test-Article

A Ti-6Al-4V support flange test-article (Figure 3) has been processed. The part is designed to
be used where metals and composites are in place; to this purpose, titanium alloys are suggested
thanks to better corrosion resistance with respect to aluminum. The specimen is composed of three
parts, resulting from water-jet cutting (Waterjet Corporation, Monza, Italy) and post-process milling
(EMCO GmbH, Hallein, Austria) of the abutting surfaces: a 5 mm thick cap-plate, a 3 mm thick
web-plate and a 3 mm thick supporting rib (Figure 4). Both L- and T-joint are involved, the former
to weld the cap-plate to the web-plate, the latter to weld the rib, at its sides, with the web- and
the cap-plate.
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Figure 3. The test-article for the assessment of laser beam welding (LBW) on titanium alloy.

N A

(A) (B)

©

Figure 4. Components of the test-article: (A) cap-plate, (B) web-plate and (C) supporting rib;
not to scale.

A proper method to prevent any possible deviation from the intended geometry must be taken
into account to match specific customer regulations. Wire feeding or hybrid welding with an assisting
gun are not fit to LBW of the test-article, as additional devices would be required in the system set-up.
Therefore, for the purpose of easier automation and control of the actual process, increased thickness
has been considered for the parts to be welded, 8 mm instead of 5 mm for the cap-plate, 5 mm instead
of 3 mm for the web-plate and the rib: the driving idea is to perform machining by means of side and
face milling upon welding in order to restore the nominal thickness of the test-article, thus removing
any undercut and shrinkage groove concurrently. A significant favorable reduction of the buy-to-fly
ratio is deemed to be achieved anyway with respect to machining from wrought metal and will be
proven in the following.

Therefore, the welding parameters resulting from the experimental campaign (i.e., the process
set-up) have been conveniently adjusted, so to effectively weld L- and T-joints of increased thickness
(Table 3). Basically, the approaching angle and the power level have been taken, whilst the processing
speed has been decreased. Nevertheless, in order to obtain deep penetrative welds, a 1 mm offset of
the laser beam with respect to the theoretical welding line and towards the thinner plate has been
required for L-joint configuration. Flow rates of assisting helium and argon supply have been taken
as constant.

Table 3. Processing conditions for laser beam welding (LBW) of the test-article, based on the type of
joint; focused beam.

Joint Type Power (kW)  Speed (mm-min~!)  Approaching Angle (°)

L-joint (5 mm web-plate to 8 mm cap-plate) 6.0 1650 25

T-joint (5 mm rib to 8 mm cap; 5 mm to 5

mm web-plate) 4.5 1650 20
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A non-commercial device to clamp the components of the test-article and concurrently provide
inert shielding has been developed for the mere purpose of this research, consisting of two right-angled
steel supports to accommodate the cap- and the web-plate, providing a hollow duct at their virtual
intersection for the purpose of gas supply for back-side shielding. The cap- and the web-plate have
been clamped using adjustable plain clamps (Figure 5); upon local spot welding with 100 mm step
to better tighten the components to prevent unwanted slippage from the nominal position, LBW in
L-joint configuration has been performed in a single pass with the suggested processing parameters
and a 1 mm offset of the laser beam towards the web-plate with respect to the theoretical welding
line (Figure 6) has been set. Assisting gases have been supplied: argon at back-side via the hollow
duct on the clamping system, at top-side via the diffuser moving with the laser head; helium via the
leading nozzle for metal plasma blow (Figure 7): a proper time delay has been allowed before welding
to prepare inert atmosphere with stable inert flux; additional delay has been required to effectively
shield the bead at laser switch-off.

Figure 5. Adjustable plain clamping of cap- and web-plates.

CAP-PLATE

LASER BEAM

WEB-PLATE

Figure 6. Beam offset towards the web-plate with respect to the theoretical welding line.

Figure 7. Positioning of the nozzle for plasma blow and the diffuser for inert shielding supply; back-side
view in the inset.
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The device to clamp the rib has been placed afterwards. An additional part is used to house,
position, and concurrently shield the rib (Figure 8): a movable clamp allows tightening of the rib;
shielding is supplied at both sides via separate ducts. Upon local spot welding to prevent unwanted
slippage from the nominal position, LBW in T-joint configuration has been performed with two welding
passes, one pass at each side of the joint, each pass being partially penetrative, with the suggested
processing parameters. Helium has been supplied for top-side shielding; additional flow for metal
plasma blow has not been arranged, the purpose being fulfilled by helium itself when leaving; argon has
been supplied for back-side shielding against oxidation due to overheating, although full penetration
is prevented.

Figure 8. Detail of the device for housing, positioning and concurrent shielding of the rib.

Three test-articles have been welded (Figure 9), then heat treatment has been conducted, as for
the samples in the process set-up. Machining by means of side and face milling has been performed
to achieve the nominal thickness of the parts upon welding. In addition, ultrasonic non-destructive
testing (GE Panametrics, Fairfield, United States, with custom interface developed by ENEA) have
been performed to inspect the penetration depth.

Figure 9. Test-articles as resulting from LBW: (A) inner view; (B) outer view.

3. Results and Discussion

3.1. Geometry

With respect to the L-joints, for a given approach angle of 25°, the effect of the welding speed has
been discussed. Weldability is proven, although discontinuous joining at the interface of the abutting
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plates may occur for increasing welding speed (Figure 10). Therefore, as uniform fusion along the
interface is mandatory for aerospace application of LBW, a welding speed of 2400 mm-min~" is thought
to be adequate to perform the process.

Figure 10. Welding beads in the cross-sections, L-joints, welding speed of (A) 2400 mm-min~!
(B) 3000 mm-min~!, (C) 3600 mm-min~.

’

With respect to the T-joints, uniform fusion of the interface between the abutting plates depends
on the approach angle of the laser beam (Figure 11). A 20° angle is thought to be adequate to
perform the process, irrespective of the thickness of the lower plate. For both the L- and the Tjoints,
imperfections in the cross-section for the suggested welding conditions have been found to comply
with usual standards [29], although stricter customer regulations may not be matched, depending
on the application. Hence, to address the issue of possible deviations from the intended geometry,
a number of adjustments have been made when setting the experimental procedure for the test-article.

Figure 11. Welding beads in the cross-sections, T-joints, approaching angle of (A) 20°, (B) 25°, (C) 30°.

3.2. Microstructure and Microhardness

The evolution of the microstructure across the welding bead is worth investigating, as this would
provide crucial information to discuss the response to loading. Prior to heat treatment, the original
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microstructure of the base metal has been lost in the fusion zone, a martensitic o’ microstructure has
been induced (Figure 12A). A similar structure results when quenching from the 3 phase region above
the -transus temperature. The heat-affected zone has been found to be a mixture of o” and primary
o« phase instead (Figure 12B), as matching a structure which is quenched from a region below the
-transus temperature. The grain size is affected by the welding speed, as shown via numerical models
on the same alloy [13]: namely, any increase in the welding speed yields a decrease in the grain size,
since the cooling rate is increased for the given power and defocusing.

Figure 12. L-joint, 2400 mm-min~!: (A) martensitic o’ in the fusion zone; (B) microstructure of the
heat-affected zone at the interface between fusion zone and unaffected parent metal.

To further discuss the subject, the trend of Vickers microhardness in the cross-section has been
investigated, both prior to and upon heat treatment (Figure 13). An increase of hardness resulted in
the fusion zone, from 340 HV 3 in the base metal to average 430 HV( 3 with as high as 443 HV 3
peak values in the as-welded condition. In agreement with the literature [24], it is worth noting that
a decrease of hardness to average 382 HV 3 in the fusion zone, hence a reduced mismatch with respect
to the base metal, has been benefited upon heat treating. Furthermore, based on the step between
consecutive indentations (i.e., 150 pm), the extent of the heat-affected zone is deemed to be shorter
than 0.3 mm at both sides of the fusion zone and is not considered to be affected by heat treatment.
Similar trends have been found, both in L- and T-joint. As regarding the latter, the microstructure in
the fusion zone resulting from the first welding pass is unaffected by the second pass [30], as new
fusion and cooling are experienced with the same rates. It is worth noting that no clear trends in the
mean value have been found as a function of the welding speed, in agreement with the literature [8],
irrespective of the grain size, which is expected to affect the mechanical strength instead [12].

—®— as-welded —®— heat treated

460
«

>° 440
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400
380
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Figure 13. Vickers microhardness trend at half-thickness of the 3 mm plate; L-joint, 2400 mm-min~".
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3.3. Testing of the Test-Article

Sound beads resulted along the L-joint between the cap- and web-plate; a number of indications
to be ascribed to micro-pores have been detected when scanning T-joints instead (Figure 14).
Imperfections are mainly located at the tip of the rib, as two welding beads cross; in terms of size and
cumulated area, these are not deemed to affect the overall mechanical response.

Figure 14. Ultrasonic non-destructive testing, indications due to micro-pores in scanning the T-joint.

Drilling of the web-plate of the test-article has been performed in order to allow clamping on the
static testing device which has been specifically developed and manufactured in order to accurately
reproduce the nominal condition of stress of the test-article (Figure 15); the device has then been
employed on a conventional tensile testing machine. Two strain gauges (SG-1 and SG-2), one for each
side of the supporting rib (Figure 16), have been monitored. Three test-articles resulting from welding
and three test-articles resulting from machining of wrought titanium have been tested.

—

Prtt

COMPRESSIVE LOAD
(A) (B)

Figure 15. Testing device for the test-article: (A) scheme, (B) real view.

45° 45°

Figure 16. Positioning of the strain gauges on the supporting rib for static testing.

Based on the application of the real component, the threshold to be matched has been set to 15 kN,
which is intended to be the limit load; nevertheless, as no evidence of failure were found in the form of
cracks for all of the specimens when approaching the threshold, testing has been further progressed
until there was contact between the test-article and the device for testing.
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The average strain as monitored by SG-1 and SG-2 at 10, 15, and 20 kN are given in (Table 4).
The load-strain diagram resulting from testing of welded and machined test-articles have been
compared (Figure 17). Interestingly, the same behavior has been found for the test-articles in the
operating nominal loading window and up to 50 kN, irrespective of the processing technology;
a difference has been found above 60 kN instead, where higher strain is experienced by the samples
resulting from machining. Namely, welding is deemed to provide improved strength thanks to
microstructural evolution upon processing, as discussed in the process set-up, based on Vickers
microhardness testing, although reduced percent elongation resulted.

Table 4. Average strain as monitored by SG-1 and SG-2 as a function of load for welded and
machined test-articles.

Testing Condition Welded Test-Articles Machined Test-Articles
Compressive load Strain (SG-1) Strain (SG-2) Strain (SG-1) Strain (SG-2)
(kN) (1073 mm/mm) (1073 mm/mm) (1073 mm/mm) (1073 mm/mm)
10 1.17 1.11 1.32 1.19
15 1.79 1.71 1.97 1.83
20 2.43 2.32 2.59 2.45
ol WELDED
g ol SG-1 s 5G-2 MACHINED s61
= e 5G-2
2 el
Q
g 50 - ///
@ 40}
]
o 30
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Figure 17. Load-strain diagram, a comparison among machined and welded test-articles.

3.4. Improving the Buy-to-Fly Ratio

The net weight of the test-article as required for the actual application is approximately 1.05 kg.
Three methods to produce the component are compared in the following in terms of buy-to-fly:
machining from bulk, LBW of plates of increased thickness (i.e., 8 and 5 mm) with eventual machining
to nominal size, LBW of plates of nominal thickness (i.e., 5 and 3 mm). Both the theoretical and actual
buy-to-fly ratio have been evaluated. Namely, the theoretical buy-to-fly ratio has been measured based
on the net weight and the expected allowance at the contour to cut each single part to be welded;
the actual buy-to-fly ratio has been measured with additional metal allowance taken into account
instead, as a consequence of mutual arranging of the parts on a larger metal sheet to be cut. Both of
them are hence larger than 1, the latter being higher. Both the measures have been made for each
processing method and are given in Table 5.

Table 5. Theoretical and actual buy-to-fly ratio as resulting for each processing method.

Technology Theoretical Buy-to-Fly  Actual Buy-to-Fly
Machining from bulk 11.0 15.1
LBW and machining 2.5 3.4
LBW 1.5 2.1
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Saving of metal in a measure of at least 80% is benefited when considering LBW as an alternative
to machining; moreover, a 50% reduction on the overall cost of the component results in the case of
LBW with eventual machining to nominal size. Although additional cost saving would be expected
from LBW of plates of nominal thickness to prevent machining, wire feeding or assisting gun for
hybrid welding should be required to address the issue of geometrical imperfections such as undercut
and shrinkage groove: costs have been found to remain the same, with limited actual gain, but proper
managing of the welding paths would be prevented due to additional devices. Given this, the solution
of LBW and machining to nominal size is deemed to offer a valid method to be shifted to any complex
real part where L- and T-joints are usually required.

4. Conclusions

Grounds have been given for the application of LBW for the purpose of joining titanium parts for
aerospace. Comparisons among laser beam welding and machining from bulk of a given test-article
have been conducted: the same behavior in static testing under compressive loading has been found
in the operating nominal loading window; moreover, improved strength resulted from welding.
This must be ascribed to a non-diffusional transformation into a harder martensitic o’ microstructure
upon processing, as proven by optical microscopy in combination with Vickers microhardness testing.
Thermal treating has been required and performed to the purpose of stress relieving: the resulting
microhardness in the fusion zone is not deemed to be affected, whereas an improvement in terms of
fracture toughness is expected.

Given the thickness of the test-article, the ideal scenario to reduce the buy-to-fly ratio would have
been joining 3 mm to 5 mm thick plates; wire feeding or hybrid welding would be required, resulting
in critical managing of the laser head along the welding path due to additional devices. This issue is
crucial and should be specifically addressed depending on the geometry of the test-article. Therefore,
autogenous joining of parts of increased size would be desirable, with final machining upon welding.
This approach has been considered with the test-article, and an actual buy-to-fly of 3.5, resulted on
average a 50% reduction on the overall cost of the component as a further benefit. These findings are
deemed to be reasonable for any complex component where a number of multiple welding passes are
required, both on L- and T-joints.
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