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1. Introduction

In recent years, on the basis of FSP/FSW technologies, a number of new solutions,
methods and variants have been developed, constituting not only proof of the continuous
evolution of FSP/FSW technologies, but also of the huge scientific and application potential
hidden in these methods. The key idea of these works was to induce more beneficial
changes in the microstructure of materials and their properties, as well as to ensure better
control of the processes taking place at individual stages of machining [1,2]. As is known,
the main condition to obtain the assumed material characteristics is appropriate selection of
the process parameters and knowledge of the changes in the microstructure of the material
and its properties as a function of the machining parameters [3], shape and dimensions
of the tool [4,5] or, for example, the sample cooling method [6-9]. That is why systematic
research in this area and experimental verification of developed concepts and ideas are
so important. The key objective of this Special Issue was to present the current state of
knowledge and the recent advances in developing the microstructure and properties of
materials using modern FSP and related technologies. The Special Issue made it possible to
collect valuable articles presenting the results of research on changes in the microstructure
and properties of the material caused by the application of the above technologies, as
well as presenting the cognitive and application potential in addition to underlining the
implementation problems and challenges faced by the users of FSP and related technologies.

2. Discussion of Research Results

An important factor influencing the degree of grain refinement, i.e., the key parameter
characterizing the microstructure formed during FSP, is the method and intensity of sample
cooling. The paper [10] presents a solution in which a stream of compressed air, additionally
cooled to the temperature of —11 °C with a cooling jet nozzle, was used to cool the
7075 aluminium alloy during FSP. The authors applied two variants of air blowing, i.e., at
angles of 45° and 90° to the sample surface and carried out an analysis of the impact of FSP
performed under accelerated cooling conditions on the microstructure and properties of
the alloy, taking a sample treated with FSP in still air as the reference material. In relation
to the material cooled in still air, greater homogeneity of the microstructure of the material
and a higher degree of grain refinement were obtained. In the case of the naturally cooled
sample, the average grain size in the near-surface zone was 7.6 um, while in the case of
the air-cooled sample it was 1.4 um in the variant with air blowing at the angle of 45° and
3.2 um in the variant with air blowing at the angle of 90° with reference to the surface. The
consequences of the more favourable changes in the microstructure were higher hardness
and resistance to wear resistance of the alloy. The paper also assessed the impact of the
blowing angle of the air stream on the microstructure and material properties and indicate
that the solution in which the nozzle is inclined at the angle of 45° is particularly favourable
because the air stream cools both the material subjected to friction modification and the
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tool itself. It was shown that such a cooling method leads to stronger grain refinement and
better material properties because in such a case there is both direct cooling of the material
with the air stream and indirect cooling by means of the tool cooled down by this stream.
According to the authors, the proposed cooling method may be a competitive solution
compared to other methods because it combines the advantages of compressed air cooling
and cryogenic factors.

In turn, Ahmed et al. [11] focused on the use of bobbin tool friction stir welding
(BT-FSW) to produce defect-free lap joints in welding AA1050-H14 alloy sheets. The
BT-FSW method is an expansion of classic FSW and is increasingly used in industrial
practice owing to the number of advantages and benefits of its application. In paper [11],
a newly designed and fabricated bobbin tool with different pin geometries (cylindrical,
square, and triangular) and concave shoulder profile was used, and then an assessment of
the impact of BT-FSW pin geometries on the joint properties was carried out in the context
of assessing the possibility of obtaining defect-free lap joints. The authors showed a clear
relationship between the temperature at the weld centre, and the pin geometry along with
the traverse speed. The authors found, that a square pin leads to a higher BT-FSW stir
zone temperature, and the temperature measured at the advancing side is higher than
that at the retreating side in all welding conditions. In the case of a tool with cylindrical
and square pin geometries, defect-free welds at all the researched traverse welding speeds
were obtained.

In paper [12], a friction stir deposition technique (FSD) in the additive manufacturing
of AA2011 parts was used. FSD is a solid-state additive manufacturing technique that
can be used to deposit different materials. The authors assessed the impact of the feeding
speed and the temper condition of the AA2011 alloy on the properties and microstructures
of the deposited materials. The conducted research showed that the use of FSD allows
the production of sound, continuous multi-layered AA2011 parts without any physical
discontinuities or interfacial defects between the layers in all the applied processing pa-
rameters. The microstructure of the deposited material was characterized by equiaxed
grains, whose size was much smaller in comparison to the grain size measured in the initial
material. Despite the intense grain refinement in the case of the AA2011-T6 alloy, lower
hardness of the friction stir deposited parts in comparison to the base material was found.
An improvement in hardness was obtained only in the case of the AA2011-O friction stir
deposited parts and it reached even 163% of the starting material hardness at the applied
feeding speed of 1 mm/min.

Analysis of the factors affecting the properties of joints obtained with friction stir lap
welding (FSLW) was the subject of research conducted by Choy et al. [13]. An element of a
torsion beam shaft of a car chassis produced by joining a pipe made of A357 aluminium
alloy with a steel pipe made of FB590 steel of increased strength was tested. The impact of
the process parameters on the mechanical parameters of the obtained joint was analysed,
as well as on the thickness of the intermetallic compound layer (IMCL) formed in the
intermediate layer between the aluminium and steel. The authors placed great emphasis on
analysis of the IMCL due to its significant impact on the properties of the joint. The authors
found that the thickness of the IMCL, but also the tensile shear load, is primarily impacted
by the tool penetration depth. It was found that the thickness of the IMCL decreases with
the increase in the tool penetration depth, while the impact of the tool penetration depth
on the tensile shear load is more complex. Choy et al. [14] also determined the impact of
various process factors on the tensile shear load using definitive screening design. They
used four types of tools with different pin lengths. The scope of the experiment adopted by
the authors, expressed in its multi-variant nature, allowed a number of relationships to be
determined, useful in the control of friction stir lap welding, and facilitating achievement
of the assumed goals. The authors discovered, for instance, that the plunge depth has a
significant impact on the tensile shear load in addition to the tool penetration depth and
also indicated that the plunge depth negatively affects the magnitude of tensile shear load.
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They also found that the tool penetration depth has the greatest impact on the size of the
hooking part in the lap welding of the pipe.

In many industrial applications, aluminium alloys are reinforced with hard ceramic
particles to enhance the mechanical properties of aluminium metal matrix composites
(AI-MMC). Ali et al. [15] conducted studies on AA6061/SiC/B4C composites subjected to
friction stir welding. The matrix of the composite was the AA6061 aluminium alloy, while
SiC and B4C powders were used as reinforcement, whose total share in the composite was
13%. Microstructural investigations were carried out using SEM, as well as radiographic
tests, tensile strength tests, and hardness and wear resistance measurements. The mi-
crostructural studies revealed strong grain refinement and even particle distribution in the
joint area. The use of the reinforcement phase improved the tensile properties of the friction
stir welded AI-MMCs. The highest ultimate tensile stress was exhibited by the sample
with 10% SiC and 3% B4C. It was found that with the increase in B4C and decrease in the
SiC content in the friction stir welded Al-MMCs samples, the tensile strength declined.
The elongation decreased as the percentage of SiC was reduced and B4C was raised. The
hardness measurements showed growth in its value directly proportional to the B4C share
and inversely proportional to the SiC content. The coefficient of friction was higher for the
samples whose SiC content ranged from 2% to 4%. The conducted research indicated that
FSW is an appropriate process for welding AI-MMC, and the obtained results prove the
ability to meet the requirements of the aviation and automotive industry. In the opinion of
the authors of the work, this technology and the products manufactured thanks to it can
also be used in navy and civil navigation owing to the high efficiency of welding.

In [16], an assessment was carried out for the possibility of using the FSW as a welding
technique to fill the grooves for welding duplex stainless steel (DSS). For this purpose, three
different groove geometries without a root gap were designed and machined in DSS plates
with the thickness of 6.5 mm. For comparative purposes, the DSS plate was also welded
using the gas—tungsten arc welding (GTAW) method. The obtained joints were subjected to
a comparative assessment employing radiographic inspection, optical microscopy, electron
back scattering diffraction, as well as hardness and tensile testing. Studies indicated that
FSW can be successfully used for welding 2205 duplex stainless steel. It was found that
defect-free and sound joints can be produced using a 60° V-shaped groove with a 2 mm root
face without a root gap. Compared to the joint obtained by the GTAW method, the FSW
joint was characterized by higher yield strength, ultimate tensile strength, and elongation
by 21%, 41%, and 66%, respectively. In addition, a clearly higher hardness of the weld joint
produced by FSW was found than that produced by GTAW. The maximum hardness of
material in the stirring zone in the case of the FSW joint was 280 HV, while in the case of
the GTAW joint it was 265 HV.

In papers [17,18], the authors focused on selection of the parameters in friction
stir spot-welding (FSSW) processes. Ataya et al. [17] joined a low-carbon steel sheet
(A283M-Grade C) with a brass sheet (CuZn40) by means of FSSW using different rotational
speeds and dwell times to explore the effective range of parameters, enabling joints to
be obtained with a high load-carrying capacity. The quality of the joints was assessed by
visual examination, macro- and micro-structural investigations, EDS analysis, the tensile
lap shear test, and hardness measurements. Determination of the effect of the total number
of revolutions on the heat generated per spot weld was also an important aspect of the
work. It was found that the heat input ranged from 11 kJ to 1.5 k] and it was linearly
proportional to the number of revolutions per spot joint. The authors also revealed that
when the number of revolutions per spot ranged from 250 to 500, it was possible to produce
joints with a high load-carrying capacity from 4 kN to 7.5 kN. In turn, in work [18], FSSW
was used to join AA6082-T6 aluminium alloy sheets. Sheets with thicknesses of 1 mm and
2 mm were welded using different rotation speeds, while the dwell time was constant in all
the variants. Verification of the effects of FSSW was based on macro- and microstructural
investigations, hardness testing and a tensile-shear test. An important element of the
characterisation of the process and the manufactured joint was the determination of the
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heat input generated during FSSW and the peak temperature in the stirring zone. It was
found that the highest heat input energy of 3 kJ occurs at the highest rotational speed, and
the heat input grows with increasing rotational speed. A similar trend was found in the
case of the peak temperature measured in the stirring zone, namely with the increase in
the rotation speed, the maximum temperature rose from 236 + 4 °C to 367 £ 3 °C. The
conducted research also showed that the spot joints welded at 600 rpm are characterised by
highest the hardness and shear load.

3. Summary

Knowledge of the processes, phenomena, and relationships occurring during material
processing using FSP/FSW and related technologies is the key to achieving the assumed
research and application objectives. Therefore, in this aspect, this Special Issue has become
a kind of a platform for exchanging practical experience and knowledge, as well as a source
of valuable information that can ultimately become an inspiration to undertake one’s own
research in this area. The articles included in this Special Issue indicates that FSP/FSW
and related technologies are constantly evolving, and, thus, the possibilities in shaping the
microstructure and properties of materials are also growing, which consequently generates
new research challenges.
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Abstract: A rolled plate of 7075 aluminum alloy was friction-stir-processed (FSP) with simultaneous
cooling by an air stream cooled to —11 °C with a jet cooling nozzle. Two variants of air blowing
were used: at an angle of 45° to the sample surface and at an angle of 90°. The reference material
was a sample subjected to analogous treatment but naturally cooled in still air. The microstructural
tests revealed strong grain refinement in all the samples, with higher grain refinement obtained in
the air-cooled friction-stir-processed samples. For the naturally cooled samples, the average grain
size in the near-surface area was 7.6 um, while for the air-cooled sample, it was 1.4 um for the 45°
airflow variant and 3.2 um for the 90° airflow variant. A consequence of the greater grain refinement
was that the hardness of the air-cooled friction-stir-processed samples was higher than that of the
naturally cooled samples. The improvement in abrasive wear resistance was achieved only in the
case of the friction-stir-processed specimens with air cooling. It was found that the change in the
air blowing angle affects not only the degree of grain refinement in the stirring zone, but also the
geometrical structure of the surface. In all the samples, FSP caused redistribution of the intermetallic
precipitates combined with their partial dissolution in the matrix.

Keywords: friction stir processing; 7075 aluminum alloy; air cooling; jet cooling nozzle; microstruc-
ture evolution; hardness; tribological properties

1. Introduction

Friction stir processing (FSP) is a novel grain refinement technique and one of the
most promising methods of modifying the microstructure and properties of engineering
materials. This solid-state processing technique was developed by Mishra et al. [1,2], but
the basic principles and idea of friction stir processing are derived from friction stir welding
(FSW) technology [3]. The differences between FSP and FSW mainly concern their purpose
because FSW technology is used to join materials [4,5], while FSP is employed to modify the
microstructure of the material [6-9]. As with FSW technology, FSP uses a special cylindrical
tool with a pin that rotates and plunges into the material to be processed, and then moves
along designed paths. The nature and scope of changes occurring during FSP or FSW
depend, among others, on the shape of the tool pin [10], the rotational speed [11] or the
number of tool passes [12]. The friction of the tool against the surface of the modified
material generates a large amount of heat, which makes the material plastic. The plasticized
material flows to the back of the pin, where it is extruded and forged behind the tool,
consolidated and cooled under hydrostatic pressure conditions [13]. FSP technology is also
successfully used to eliminate defects and material loss in the sample [14] and to produce
surface composites [15-17] or to modify the microstructure of composites [18,19]. The
production of surface composites consists in introducing the reinforcing phase in the form
of particles [20-22] or fibers [23] into the plasticized matrix. Currently, there are a number
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of solutions and methods allowing effective introduction of the reinforcing phase during
FSP and the production of a surface composite [24]. For this purpose, the most common
method is the groove method [25,26] or the hole method [27,28], less often used are direct
friction stir processing [29-31], the sandwich method [23,32,33] or other solutions.

FSP technology is constantly evolving as new equipment and methodological solutions
are constantly being developed, enabling more favorable changes to be obtained in the
microstructure of the material, especially a higher degree of grain refinement. FSP is
most often performed under conditions of natural cooling of the sample, i.e., in still air,
and then the degree of grain refinement, and thus the properties of the material, are the
result of the applied processing parameters. One of the newest trends in FSP technology
is treatment with additional cooling in order to increase the temperature gradient in the
material, and thus raise the cooling rate. The cooling rate of the material determines the
degree of refinement of the microstructure, and therefore its mechanical properties; hence,
the use of solutions increasing the cooling intensity is absolutely justified. The grain size
affects not only the mechanical properties of the material [34], but also, for example, the
corrosion resistance as smaller grains result in a lower value of the corrosion potential and
the corrosion current [35]. A no less important aspect is the possibility of extending the tool
life by reducing the amount of heat accumulated in the tool during FSP. The tool is exposed
not only to abrasive wear, but also to high temperature resulting from friction against the
surface of the material, as well as to cyclical changes in this temperature.

Currently, accelerated cooling is carried out by spraying coolant on the tool-workpiece
interface [36,37], cooling the modified sample with compressed air [38,39] and conducting
FSP on a sample immersed in a cooling agent [40,41] or intensive cooling of the sample
before processing [42]. Special heat sinks with an internal cooling system are also utilized,
in which the modified material is placed [43].

Assessment of the effect of additional cooling on the microstructure and material
properties has been the subject of research by many research teams. For example, Luo
et al. [12] analyzed the microstructure and properties of a material subjected to one-pass
and two-pass submerged friction stir processing, using water as a coolant. In turn, Ai
et al. [36] cooled samples of cast aluminum alloy A356 with a stream of water. The effect
of cooling with water was greater grain refinement than in the analogous sample cooled
with air, but at the same time, lower hardness of the alloy was obtained due to limitation of
the growth of secondary-phase particles and their dissolution in the alloy matrix. Cooling
with a stream of water was also used by Chen et al. [37]. In turn, Heidarpour et al. [43]
used a water heat sink in surface modification of the AZ31 magnesium alloy. Derazkola
et al. [44] tested three different coolants in the friction stir welding of aluminum AA3003
and A441 AISI steel sheet, namely, CO,, water and air, and found that the smallest grain
size in the sample was obtained after using CO,, but simultaneously, the poorest joint
with notable segregation at interface was formed. The water-cooled sample, in turn, was
characterized by the greatest tensile strength, but at the same time, it was characterized by a
lower hardness than in the case of cooling with CO;. In turn, Yazdipour et al. [45] employed
a mixture of dry ice and ethanol to modify the Al5083 aluminum alloy. Analogous cooling
was used by Satyanarayana et al. [46] in processing of the 6061 aluminum alloy. In turn,
Moaref et al. [40] applied the water submerged processing technique in the friction stir
processing of pure copper and a copper—zinc alloy, and Feng et al. [41] utilized the same
method for treatment of the 2219-T6 aluminum alloy. Cooling of the AZ31B magnesium
alloy by spraying liquid nitrogen was used by Ammouri et al. [42]. In turn, Alavi Nia [47]
used a die made of copper with internal grooves for the flow of water and additional
cooling by means of compressed air in the FSP of the AZ31 magnesium alloy.

By analyzing the literature data, it can be concluded that the application of accelerated
cooling promotes refinement of the microstructure [48,49] and its homogenization [36,47]
and usually improves the mechanical properties of the material [43,50]. However, it should
be noted that some of the proposed solutions are difficult to implement in industry or their
application requires additional operations and adaptation activities or even significant
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reorganization of the workplace. In the case of the most commonly used water cooling, it is
necessary to dry the material after processing and remove the coolant from the working
area, in addition to its management during and after FSP. Moreover, water as a coolant
should not be used for materials that tend to corrode in an aqueous environment. Cryogenic
cooling with liquid nitrogen makes it possible to obtain a higher cooling rate of the sample,
but it is a problematic coolant owing to its intense evaporation in contact with a warmer
material. The gas cloud formed in this case has insulating properties, which in turn reduces
the effective cooling rate of the sample. The application of liquid nitrogen cooling is also
troublesome because of the need to insulate all the components of the cooling system, which
still does not completely exclude the risk of nitrogen gas formation in the cooling system.
Another cryogenic coolant employed in FSP is dry ice, i.e., solid carbon dioxide. This
material is usually utilized in the form of a mixture of dry ice and ethanol/methanol, which
is applied to the surface of the sample behind the tool [45,48,51]. The least troublesome and
most convenient cooling medium is compressed air because the sample in this case does not
require cleaning or drying, and the coolant does not need to be removed from the working
area. In addition, air is a high-purity coolant and can be used to process virtually any
material. An additional advantage of this method of cooling is the continuous exchange of
the cooling agent during the procedure, thanks to which the “cooling parameters” of the
air (temperature, flow velocity) do not change during the cooling process, as can be the
case with liquid coolants. It should be noted, however, that air has a lower heat capacity
than water or cryogenic coolants; hence, the application of compressed air generates lower
cooling rates. Nonetheless, it is possible to eliminate this disadvantage and increase the
intensity of air cooling, for example, by cooling it with a jet cooling nozzle.

The novelty of the work is an innovative method of cooling the sample during FSP,
namely by means of an air stream cooled to —11 °C with a jet cooling nozzle. The proposed
solution is located between cooling with compressed air and cooling with cryogenic agents
and combines the main advantages of air (cleanliness, no need to remove the coolant
from the working area or its disposal/management after treatment) and the advantages of
cooling with cryogenic agents (high cooling intensity) [52]. The advantage of the solution
used in this study over air cooling results from the much lower air temperature generated
by the jet cooling nozzle. To the best knowledge of the authors of this study, there are no
similar studies in the world literature on the use of a jet nozzle in FSP, as well as studies on
the influence of the angle of the air stream on the size and nature of microstructural changes
and material properties. It is worth adding that jet cooling nozzles are offered by suppliers
or manufacturers of milling machines as additional equipment for devices; therefore, their
availability and potential implementation in industrial conditions is not a problem, which
is an additional argument for this solution. The efficiency of the process, the economic
effects and the ease of conducting this type of treatment outweigh the previously used
technologies of microstructure refinement employed in the process of light metal surface
modification using FSP technology.

The main purpose of the work was to analyze the microstructure and properties of
the 7075 aluminum alloy subjected to FSP with simultaneous cooling by means of an air
stream cooled with a jet nozzle. The reference material was an analogously processed but
naturally cooled alloy in still air. The scope of the research also included assessment of the
effect of the air blowing method on the size and nature of microstructural changes in the
processed zone and the properties of the aluminum alloy.

2. Materials and Experiment Procedures

The base material used for the experiment was the 7075 (Al-5.5Zn-2.4Mg-1.6Cu-0.20Cr)
aluminum alloy in the T6 state (supersaturated solution treated and artificially aged alloy).
This alloy, due to its low density, high specific strength and high fracture toughness,
is a material widely applied in many industries, among others, in the production of
particularly responsible structures in the aviation and automotive industries [53]. The
chemical composition of the aluminum alloy is presented in Table 1.
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Table 1. Chemical composition of 7075 aluminum alloy.

Alloy Element Content, wt%

Zn Fe Cu Mn Mg Cr Si Ti Al
7075

5.5 0.3 1.6 0.15 2.4 0.2 0.2 0.1 89.55

The material was supplied in the form of 15 mm thick rolled plates. Samples with
dimensions of 90 x 70 x 15 mm were cut from the plate, the surface of which was degreased
with acetone and then subjected to FSP. Friction stir processing was performed by means of
a vertical CNC milling machine (AVIA FNE 50, AVIA S.A., Warsaw, Poland). The tool was
made of hardened and tempered X37CrMoV5-1 (H11) hot work tool steel with a hardness
of 51 £ 1 HRC. The shoulder diameter of the tool was 18 mm. The tool was equipped with
a cone-shaped pin, 4.3 mm long and with diameters of 6 mm (cone base) and 4 mm (cone
top), respectively. The side surface of the cone was threaded. The tool utilized in the work
is shown in Figure 1. The shoulder tilt angle was fixed at 2°.

Figure 1. Tool used in friction stir processing of 7075 aluminum alloy.

In order to intensify the cooling process of the friction-modified zone, the stand was
equipped with an additional cooling system to be employed during processing of the
samples. The cooling medium was air-cooled to a temperature of about —11 °C with a jet
cooling nozzle. The structure of the nozzle and the principles of its operation are shown in
Figure 2.

Compressed air

Throttling valve
Chilled Ing valv

air
Hot air

Figure 2. Jet cooling nozzle.
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The jet cooling nozzle is supplied with compressed air, which is set into rotary motion
in the nozzle chamber, and then two streams, external and internal, are separated from
it. Hot air from the external stream is led outside the nozzle through one of its ends,
while the air in the internal vortex loses heat and escapes through the other end of the
nozzle in the form of a strongly cooled stream [54]. The temperature of the individual
streams depends primarily on the pressure and temperature of the air supplied to the
nozzle. The lower the temperature of the supplied air and the higher its pressure, the lower
the temperature the air can be cooled to. As a result, the temperature of the cooled air at
the outlet can be even several dozen degrees lower than the temperature of the air supplied
to the nozzle, which enables high cooling efficiency and energy savings, as the nozzle does
not require additional power for its operation. It is worth adding that cooling nozzles are
simple, inexpensive and reliable devices that do not require maintenance and can be easily
implemented in industrial conditions, and their use does not interfere with the production
process. Therefore, nozzles appear to be the ideal solution for spot cooling in FSP and
FSW processes.

As part of this work, a commercial cooling nozzle was utilized, offered as an accessory
for machine tools, which, according to the manufacturer’s data, can generate a cold air
stream with a temperature of up to —46 °C. The auxiliary nozzle, which supplied air
previously cooled by the jet cooling nozzle (Exair, Cincinnati, OH, USA), was integrated
with the working tool holder, thanks to which its position and distance from the tool and
the sample surface were constant during the entire processing. The air pressure supplied to
the cooling nozzle was 8 bar.

Two variants of cooling the sample were employed; in the first case, the auxiliary
nozzle supplying the cooling stream was inclined at an angle of 45° to the sample surface.
This sample was denoted as AC45. The stream of cooled air cooled both the material during
friction stir processing and the already modified material located just behind the tool. The
cooling stream also cooled the tool shoulder. The distance of the end of the cooling nozzle
from the edge of the pin was 20 mm, which allowed for precise directing of the air stream to
the place subjected to the friction stir processing, as well as to the tool working in this place.
In this way, a double cooling effect was obtained, namely, direct cooling of the modified
material by means of an air stream and indirect cooling of the alloy by means of a tool
cooled during FSP.

In the second case, the nozzle was positioned perpendicular to the surface of the
sample, and the cooling stream mainly cooled the material located behind the tool, and to
a lesser extent, the tool shoulder and the material undergoing frictional treatment at the
moment. This sample was denoted as AC90. The FSP variants are shown in Figure 3 in the
form of diagrams and photos of the stand. The distance of the end of the cooling nozzle
from the edge of the pin in this case was 45 mm, so it was greater than in the case of the
AC45 sample. The use of a different distance resulted from the adopted strategy, in the
case of the AC90 sample, the focus was on direct cooling of the material behind the pin, i.e.,
already subjected to friction stir processing, while the indirect cooling of the material with
the tool was limited. It should be noted, however, that the key parameter, i.e., the distance
of the nozzle tip from the sample surface, was identical in both samples AC45 and AC90,
thanks to which the FSP-subjected material was cooled under uniform conditions in terms
of air flow parameters.

The use of the different variants in the location of the coolant supply nozzle aimed to
demonstrate whether and to what extent a change in the angle of the coolant stream affects
the degree of grain refinement in the surface layer of the material. The reference material
was an FSPed sample naturally cooled in still air. This sample was denoted as NC.
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Figure 3. Schemes of FSP variants (a,b), photos of stands (c,d).

The detailed processing parameters are presented in Table 2. The selection of FSP
parameters was based on the practical knowledge gained during previous tests conducted
with the use of 7075 aluminum alloy. The processing was carried out using parameters,
at which no previously disqualifying changes in the geometric structure of the surface or
unsatisfactory changes in the microstructure of the material were observed.

Table 2. Processing parameters of 7075 aluminum alloy.

Parameter NC AC90 AC45

Tool rotational speed [rpm] 400 400 400

Tool traverse speed [mm/min] 30 30 30
Plunge time [s] 2 2 2
Plunge speed [mm/min] 6 6 6

Pin length [mm] 4.3 4.3 4.3

Plunge depth [mm] 53 5.3 5.3

Auxiliary nozzle inclination angle [°] - 90° 45°

Distance of end of cooling nozzle from _ 45 20

edge of pin [mm]

The obtained samples were subjected to macroscopic and profilometric tests in order
to assess the sample surface and analyze its geometric structure. Macroscopic examinations
were performed using an Olympus SZ61 stereoscopic microscope (Olympus, Tokio, Japan),
and profilometric examinations with a Taylor Hobson TALYSURF 120 profilometer (Taylor
Hobson Ltd., Leicester, UK). Microstructural examinations were performed by means of
an Olympus GX41 light microscope (Olympus, Tokio, Japan) and a JEOL JSM-6610LV
scanning electron microscope (JEOL Ltd., Tokio, Japan). The microstructural investiga-
tions were carried out on cross-sections perpendicular to the tool traverse direction. The
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metallographic specimens were etched with Keller’s reagent (2 mL HF + 3 mL HCI +
5 mL HNOj3 + 190 mL distilled water). To determine the grain size, a measurement tech-
nique was used based on determination of the number of grains per unit area (Jeffries
method). For each of the samples, the grain size variability was also measured. A represen-
tative area located in the near-surface layer was analyzed. Chemical composition analysis
was performed using an Oxford Instruments EDS microanalyzer (Oxford Instruments Plc.,
Abingdon, UK). The hardness was measured on sample cross-sections utilizing a Shimadzu
hardness tester (Shimadzu Corp., Kioto, Japan) with a load of 980.7 mN. To evaluate the
tribological properties of the material, a laboratory pin-on-disc tribometer, T01-M (ITEE,
Radom, Poland), was used under unlubricated sliding contact against a rotating steel ring
(HRC 58-63).

3. Results and Discussion
3.1. Macroscopic and Profilometric Investigations

The macroscopic effect of FSP is shown in Figure 4a. The main element characterizing
the geometric structure of each surface is its roughness, which is the set of irregularities re-
sulting from processing. In order to assess the geometric structure of the samples subjected
to surface treatment employing the various FSP variants, three main roughness parameters
were measured, namely, the Ra parameter (arithmetic mean deviation of the roughness
profile from the mean line), Rz parameter (maximum roughness profile height) and the Rc
parameter (mean height of the roughness profile elements). All the samples were subjected
to roughness analysis. Seven segment measurements were taken on each band to visualize
the variability of the surface geometry at different locations of the band, and in particular
to visualize the differences in the values of the roughness parameters in the central part
of the band and in the peripheral regions of the band. The measuring section length was
6 mm and the distance between adjacent measuring sections was 2 mm. The adopted
measurement methodology is presented in Figure 4b.

Retreating side | ;

@) (b)

2mm L1
2mm AT {;\

= 2mm %
" AC45 2mm L4 measurement line number

2mm 77 I
2mm ::g/

(AC45)

—

(NC)

Figure 4. Macroscopic effect of FSP (a), scheme for measuring surface roughness of bands (b).

The obtained values of the individual roughness parameters as a function of the
measuring line location are shown in Figure 5, and the mean values of the Ra, Rz, Rc
parameters together with the calculated confidence intervals are given in Table 3.
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Figure 5. Roughness parameter values: Ra (a), Rz (b) and Rc (c).

Table 3. Mean

values of Rz, Ra, Rc parameters with the determined confidence intervals.

Mean Values Confidence Interval +/—

Roughness

Parameter AC45 AC90 NC AC45 AC90 NC
Ra 523 3.21 4.08 0.52 0.60 1.70
Rz 33.01 22.53 26.06 4.22 3.89 10.57
Re 16.23 9.37 13.79 1.95 1.27 8.42

By analyzing the obtained results, it can be seen that the geometric structure of the
AC45 sample was characterized by higher Ra, Rz and Rc parameters than the naturally-
cooled sample or the AC90 sample. This fact should be explained by the different kinetics
of cooling the material during processing. In the case of the AC45 sample, the cooling
stream reduced the thermal effect directly affecting the material at the time of processing,
thus influencing the process of shaping the geometric structure of the surface. The lower
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process temperature resulted in less plasticization of the alloy, which brought about greater
surface roughness after FSP. In the case of the AC90 sample, the air stream mainly cooled
the material already subjected to FSP, located just behind the pin, and to a lesser extent
contributed to a reduction in the thermal effect generated in the tool-material interaction
zone and decisive for the degree of plasticization of the material. In this case, the influence
of cooling on the process of shaping the geometric structure of the material was smaller
because the air stream cooled the material, the geometric structure of which was largely al-
ready formed. By analyzing the roughness parameter values as a function of the measuring
section location, it can also be noticed that the lowest values of the roughness parameters
occurred in the central part of the band and grew as they approached the band boundary,
while the rise in the case of the naturally cooled sample was very large on the advancing
side. In the case of the remaining samples, no such significant differences were observed
on the advancing or retreating side.

The results presented in Table 3 show that the largest spread (the widest confidence
interval) relates to FSP without additional cooling (NC) and is due to an unfavorable, strong
increase in the tested parameters (Rz, Ra, Rc) on the advancing side. The deterioration of
the surface shaping conditions under free cooling conditions (without additional cooling)
is an important argument for introducing additional cooling treatments to the friction stir
processing of heat-sensitive materials, including the solutions proposed in this article.

3.2. Microstructure Evolution
3.2.1. Microstructural Investigations of 7075 Aluminum Alloy in Initial State

In order to illustrate the size and scope of changes in the microstructure of the alu-
minum alloy caused by FSP, detailed studies of the material in its initial state were carried
out, paying particular attention to those features and microstructure elements, the evolution
of which was to be expected after friction stir processing. The microstructure of the 7075
alloy in its initial state is shown in Figure 6. The 7075 aluminum alloy was characterized
by a microstructure typical of materials subjected to directional plastic processing; this
microstructure was formed by strongly deformed grains of the « primary solution, with a
clearly elongated shape, whose orientation corresponded to the direction of rolling. The
average grain length was about 240 um.
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Figure 6. Microstructure of 7075 aluminum alloy in initial state, light microscope, etched specimen.
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A characteristic feature of the 7075 alloy microstructure was the presence of numerous
intermetallic phases located both at the boundaries (examples of precipitates are marked
with the symbol A in Figure 6) and inside the deformed grains (examples of precipitates
are marked with the symbol B in Figure 6). The precipitates exhibited distinct banding
resulting from the applied plastic processing and were present both in the form of clusters
and individual particles. The size of the precipitates varied and ranged from approximately
1 pm to 18 pum, with precipitates of dimensions from 4 to 8 pm dominating. The EDS
analysis revealed the presence of several different forms of precipitates. The presence of
numerous precipitates rich in Al, Zn and Cu was found, as well as numerous precipitates
rich in Al, Fe and Cu and less numerous phases rich in Al, Si and Zn, as well as Al, Zn and
Mg. The results of the EDS analysis of the exemplary intermetallic phases are presented
in Figure 7 and Table 4. The site subjected to EDS analysis is marked with a frame in the
figures. Moreover, EDS analysis of a representative part of BM (the base material) was
performed in order to compare this composition with the results of the EDS analysis of
the material subjected to FSP, which is discussed later in the study. The result of the EDS
analysis of BM is shown in Figure 8. The height of the spectral lines of the alloying elements
reflects their content in the alloy.

Figure 7. Precipitates of intermetallic phases in 7075 aluminum alloy in initial state, SEM.

Table 4. Results of EDS analysis of intermetallic phases.

Mass Fraction of Elements in Intermetallic Phases, wt%

Element

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Al 80.31 27.30 88.43 44.90 83.55 78.00
Mg 1.93 0.72 2.52 2.03 2.25 1.34
Zn 10.85 3.16 7.94 422 11.14 15.33
Fe - - - 12.80 - -
Cu 3.95 1.20 - 29.92 3.06 5.33
Cr 0.95 - - 0.34 - -
(@) 2.01 32.78 1.11 5.79 - -
Si - 34.85 - - - -
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Figure 8. EDS of BM results.

3.2.2. Macro- and Microstructural Investigations of Friction-Stir-Processed 7075
Aluminium Alloy

The friction-stir-processed cross-sections of the samples are shown in Figure 9. The
width and depth of the processed zone were measured on each sample. It was found
that these dimensions correlate with the diameter of the shoulder of the tool (in terms of
bandwidth) and the length of the pin (in terms of the depths of the processed zone). These
zones for the samples cooled with the jet nozzle were slightly smaller than for the naturally-
cooled samples. This regularity mainly concerned the bandwidth, and to a lesser extent,
the depth of the processed zone. This fact should be explained by the differences in the
cooling intensity of the samples and the resulting differences in the size of the temperature
gradient, which is formed in individual samples. It should be noted, however, that the
differences in the dimensions of the zone of microstructural changes were not significant.
Differences in the widths of the stirring zone (SZ) between water-cooled and naturally
cooled samples were found, among others, by Chen et al. [37]. In the case of using water
cooling, the authors registered a reduction in the width of SZ by over 15%.

In Figure 9, the advancing and retreating sides are highlighted. As can be seen, there
are clear differences in the shape and course of the processed zone border on the advancing
and retreating sides. In the case of the advancing side, the border was more clearly marked
than in the case of the retreating side.

The following zones were found in the surface layer of the samples subjected to FSP:
the stirring zone (SZ) located in the central part of the microstructural changes zone, the
thermomechanically affected zone (TMAZ) and the heat-affected zone (HAZ). The stirring
zone was clearly the dominant zone. In this zone, greatly refined grains were present,
mostly equiaxed or close to equiaxial in shape. Both the strong grain refinement and the
grain shape in SZ prove that dynamic recrystallization (DRX) occurred during FSP, which
shaped the microstructure of the material in the stirring zone. Dynamic recrystallization
is a predominant mechanism for grain refinement in FSPed alloys. The occurrence of
dynamic recrystallization is a consequence of the strong deformation of the material and
the influence of high temperature that accompany the treatment. As indicated in the lit-
erature, dynamic recrystallization in aluminum alloys can proceed according to various
mechanisms, namely, the evolution of grains can be caused by discontinuous dynamic
recrystallization (DDRX), continuous dynamic recrystallization (CDRX) or geometric dy-
namic recrystallization (GDRX) [55]. DDRX is based on the formation of recrystallization
grains and the subsequent migration of grain boundaries [56], while CDRX involves the
formation of new grains by a gradual misorientation increase of the subgrains [55], while
the main evidence for GDRX was related to the few retained high-aspect ratio fibrous
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grains [55,57]. The mechanism according to which the dynamic recrystallization of the
material takes place is a function of the applied FSP parameters, but also of the intensity
of the material cooling. This is confirmed by the research of Zeng et al. [55], these authors
showed that different DRX mechanisms may occur in aluminum alloys subjected to FSW,
depending on the welding parameters and the cooling method used.

18.19 mm

Advancing & Retreating
side ' side

17.51 mm

Figure 9. Processed zones of NC (a), AC45 (b), AC90 (c), light microscope, etched specimens.

The microstructural changes in SZ also prove that the recrystallization temperature
was exceeded during FSP, which in the case of aluminum alloys is about 0.6-0.8 Tm, i.e.,
300—450°C. In contrast to the SZ, in the thermomechanically affected zone, non-equiaxed
grains dominated. This fact proves that the material in TMAZ was plastically deformed,
but no recrystallization occurred in this zone because the temperature required for its
occurrence was not reached. The non-equiaxed shape of grains in TMAZ is a consequence
of lower strains and strain rates, as well as lower peak temperatures experienced by the
material in this area [58]. The zone adjacent to the base material was the heat-affected zone
(HAZ). In this zone, the material did not undergo plastic deformation, but is only subjected
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to a thermal cycle. The changes in the microstructure and properties of the material in this
zone were only a consequence of the thermal influence.

The main measure of the effectiveness of the applied cooling method is, of course, the
degree of grain refinement obtained in individual samples. The grain size was measured in
the near-surface zone in three areas located at a distance of 0 to 100 um from the surface,
200 to 300 pm and 400 to 500 um, according to the diagram shown in Figure 10.

Figure 10. Differences in degree of grain refinement as function of distance from surface. AC90
sample. Sample etched. Light microscopy.

The microstructural observations revealed that the highest degree of grain refinement
occurred in Zone 1, i.e., the zone closest to the surface. The grain sizes in Zones 2 and 3
were similar to each other. In the further discussion, to illustrate the differences in grain
size in the different samples, the average grain size determined in the zone closest to the
surface, i.e., at a distance of 0 to 100 um, was used. Examples of microstructures observed
in Zone 1 in individual samples are presented in Figure 11, and the grain size distributions
are shown in Figure 12. As can be seen, the differences in the grain size are very clear,
while in the case of the NC sample the average grain size was about 7.6 pm =+ 1 um, then
in the case of the sample cooled with the jet cooling nozzle, the average grain size was
3.2 um £ 1 um for the AC90 sample and 1.4 um =+ 0.5 um for the AC45 sample. Obviously,
the degree of grain refinement is influenced by the material cooling rate; when the cooling
intensity grows, the number of nucleation sites increases, and consequently, the number of
grain boundaries rises, while the grain size decreases.
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Figure 11. Microstructure of material in near-surface zone: (a) NC sample, (b) AC45 sample, (c) AC90
sample. Light microscope, etched specimens.
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Figure 12. Grain size distributions in NC sample (a), AC45 sample (b), AC90 sample (c).

On the basis of the degree of obtained grain refinement, it can therefore be concluded
that the most effective solution is the variant in which the nozzle is positioned at an angle
of 45° in relation to the sample surface. It is then possible to obtain the highest degree of
grain refinement. It is also worth noting that in this variant, the tool is also cooled, which
contributes to an increase in the tool life because then the maximum temperature to which
the tool is heated during FSP decreases, and thus the temperature range of the thermal
cycle in which the tool works is reduced. This aspect is an additional argument in favor of
just such a cooling variant. It should be noted, however, that both variants demonstrated
the possibility of obtaining greater grain refinement than with natural cooling. Cooling
with a jet nozzle is therefore an effective method of reducing the peak temperature during
FSP, which is known to have a significant effect on grain evolution and the final grain
refinement of a material. As indicated in the literature, the mechanism of the formation
of recrystallized grain depends on the method of cooling and the intensity of cooling the
material [55]. The factors which, apart from the cooling rate and the time of exposure to high
temperature generated in the material during FSP, also affect the size of the recrystallized
grain in the material, are the size of deformation and the rate of deformation of the material,
which are a direct consequence of the applied process parameters. It is worth noting
that the use of additional cooling also gives the operator the ability to carry out the FSP
process with the use of lower traverse speed or higher rotational speeds of the tool. In the
absence of additional cooling, both reducing the traverse speed or increasing the rotational
speed of the tool would inevitably lead to an unfavorable increase in the grain size in the
friction-stir-processed material due to higher heat input and higher peak temperature.
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It is also worth adding that regardless of the cooling variant, the use of jet cooling
nozzle affects not only the course and dynamics of the processes shaping the microstructure
of the material, but also effectively cools the sample after FSP treatment, thanks to which
the treatment is carried out in a multi-lane variant, i.e., when a series of bands covering the
entire surface of the sample are made, can be performed faster as it is not necessary to cool
down the sample after each cycle.

With increasing cooling intensity, the temperature gradient in the material increases,
and thus the thermal stresses increase, which in the extreme case may lead to loss of
cohesion by the material. In none of the analyzed samples, however, was the presence of
microcracks or other material defects found, the presence of which could result from the
use of air cooled with a jet cooling nozzle as a cooling agent.

The conducted microscopic examinations revealed high homogeneity of the microstruc-
ture of the material and a lack of banding of the precipitates so characteristic of the rolled
material. Precipitates were present in the material subjected to FSP, but they were evenly
redistributed in the volume of the processed zone and partially dissolved in the alloy
matrix. Moreover, no material discontinuities were found in any of the analyzed samples,
which is worth emphasizing.

EDS analyses were carried out in order to determine the differences in the chemical
composition of the alloy as a function of the distance from the sample surface. The content
of the elements was measured in three places, namely in the near-surface zone, in the
central part of the processed zone and in the lower part of this zone. The contents of the
main elements, i.e., Al, Mg, Zn, Cu, were analyzed, and the results of these analyses are
presented in Table 5.

Table 5. EDS analysis results.

Mass Fractions of Individual Elements, wt%

Sample Element Average Value
Near-Surface Zone Central Part of SZ Lower Part of SZ
Al 89.93 89.91 89.64 89.83
NC Mg 2.06 2.32 2.32 2.23
/n 5.91 6.15 6.44 6.17
Cu 2.10 1.62 1.61 1.78
Al 88.38 89.36 90.32 89.35
Mg 2.45 2.05 2.18 2.23
ACH Zn 7.36 6.39 5.85 6.53
Cu 1.82 2.20 1.66 1.89
Al 89.97 89.44 90.42 89.94
Mg 2.47 2.21 2.32 2.33
AC90 Zn 6.26 6.58 5.47 6.10
Cu 1.30 1.77 1.79 1.62
Al 90.19
Mg 2.47
BM Zn 6.17
Cu 1.17

When analyzing the EDS results, one can notice slight differences in the shares of the
main alloying elements in relation to their content in BM. The samples treated with FSP
using a cooling nozzle had a higher concentration of Zn and Cu in the near-surface layer
compared to the content of these elements in the core, with the differences being greater
in the case of the AC45 sample. In the case of the NC sample, only a clearly increased
concentration of Cu and a lower concentration of Zn in the near-surface zone were found in
relation to the content of these elements in BM. According to Pang et al. [59], who analyzed
the changes in the microstructure of the AA7075 aluminum alloy subjected to FSP in air and
water, the higher concentration of Cu and Zn that was noted in the water-cooled samples
may be due to the higher cooling rate, which prevented the redissolution of the alloying
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elements in the Al matrix. The results of the research carried out as part of this study
confirm this hypothesis. It is worth noting, however, that the observed regularities do not
apply to Mg. The content of this element in the subsurface zone was either lower than
in BM (in the case of the NC samples), or the differences were marginal (in the case of
the AC45 and AC90 samples). The analysis of the variability of the content of the main
alloying elements as a function of the distance from the surface does not allow unequivocal
conclusions to be drawn. While in the case of the AC 45 sample the Zn content clearly
decreased with the distance from the surface, in the NC sample this tendency was exactly
the opposite, and in the AC90 sample the highest content was found in the central part of
the processed zone. There was no clear regularity in the case of Cu content either.

3.3. Hardness Measurements

As is known, the grain size has a significant effect on the properties of the material;
along with a decrease in the average grain size, the yield strength of the material and the
hardness increase, and the plastic properties of the material decline. The influence of the
grain size on the hardness Hy of the material is described by the Hall-Petch equation [60]:

Hy =H, +kd /2

where H, and k are appropriate constants and d is average grain diameter.

Since Hy is proportional to d~1/2, the finer the grain size is, the greater the hardness
value is [61]. Along with the reduction of the grain size, the number of grain boundaries
increases, which constitute a barrier to dislocation, and act as pinning points inhibiting
further dislocation propagation. This mechanism is the basis of the so-called “grain-
boundary strengthening” or “Hall-Petch strengthening”.

Taking into account the Hall-Petch equation and changes in the microstructure of
the material caused by the FSP treatment, and especially the strong grain refinement in
relation to the starting material, significant growth in the hardness of the material should
be expected. On the other hand, the Hall-Petch equation does not take into account
the numerous microstructural factors that affect or can affect the hardness of a material.
In the case of the 7075 aluminum alloy, such a factor is intermetallic phase precipitates,
which strengthen the material and improve its mechanical properties [62]. The potential
decrease in hardness of the 7075 aluminum alloy may be a result of the dissolution of the
precipitates during FSP. As can be seen from the microstructures presented in Section 3.2.2,
a significant number of these precipitates dissolved in the aluminum solid solution during
FSP. Nonetheless, the hardness measurement indicated that despite the dissolution of a
certain part of the intermetallic phase precipitates, an increase in hardness in the subsurface
layer was, nevertheless, noted. Therefore, it can be concluded that the increase in hardness
resulting from the strong grain refinement, the disappearance of banding of the precipitates
combined with the redistribution of undissolved precipitates effectively compensated
for the decrease in hardness resulting from the reduction in the number of intermetallic
phase precipitates.

Another key question was whether the use of the jet cooling nozzle contributed to
a rise in the hardness of the material in relation to the naturally cooled sample. For this
purpose, the average hardness of the material located in the 1 mm thick near-surface zone
was calculated. The following hardness values were obtained: 153.7 HV0.1, 151.2 HVO0.1,
133.1 HV0.1 for the AC45, AC90 and NC samples, respectively, with an average hardness
of BM of about 129 HV0.1. Thus, in the subsurface zone, the hardness of the samples
modified with the cooling nozzle in the AC90 variant was higher by about 13.6% compared
to the hardness of the naturally cooled material and by about 15.4% in the AC45 variant.
In relation to the hardness of BM, the hardness of the AC45 sample was higher by almost
19.2%, and the hardness of the AC90 sample was higher by almost 17.1%. Examples of
hardness distributions as a function of the distance from the sample surface are shown in
Figure 13, and in Table 6, the average value of hardness as a function of the distance from
the processed surface along with the variability range of the examined parameter.
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Figure 13. Hardness distributions as function of distance from surface (a), graphs of average hardness
values and confidence intervals (b).
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Table 6. Mean values of hardness as a function of distance from the surface and ranges of variability
of the tested parameter.

Test Interval Mean Value Confidence Interval +/—
[mm] AC45 AC90 NC AC45 AC90 NC
0-1 mm 153.7 151.2 133.1 7.8 3.8 3.8
1-2 mm 143.2 142.6 129.8 3.0 5.4 48
2-3 mm 142.4 1424 128.4 42 4.9 3.1
3-4 mm 137.2 138.2 130.5 24 2.6 2.1
0-max (10 mm) 133.5 135.9 123.5 43 3.3 3.1

The analysis of the hardness distributions as a function of the distance from the surface
shows that the hardness decreases in all samples as they move away from the surface, and
this effect is observed to a depth of approximately 5-5.5 mm, then the hardness increases,
and its stabilization is observed in the final part of the hardness distribution diagram.
Therefore, in the hardness distributions, several ranges can be distinguished, differing in
both the amplitude of hardness changes and the level of obtained hardness. The first zone
is located at the surface, i.e., to a depth of about 1 mm from it. The material hardness in
this zone is the highest and this regularity is observed in all analyzed samples. The high
hardness in this zone is of course a consequence of the particularly fine grain refinement,
especially in the case of samples cooled with a jet cooling nozzle. It can also be seen that
the amplitude of changes in hardness in this zone, expressed by the degree of hardness
decrease as a function of the distance from the surface, is clearly greater in the samples
cooled with the jet cooling nozzle than in the NC sample. This fact should be explained by
the fact that the very intensive cooling obtained thanks to the use of the jet cooling nozzle
leads to a very strong refinement of the grain directly at the surface, which results in a
clearly higher hardness of the material at this place. However, the scope of the coolant
influence is limited, which results in a greater variability in hardness in this zone than in
the case of the NC sample. The next zone is an area 1 to about 5-5.5 mm from the surface.
In this area, the effect of stabilizing the hardness of the material is visible, the amplitude of
changes in hardness in this area is definitely lower than in the near-surface zone, especially
in the case of the NC sample, and in the case of AC45 and AC90 samples, a milder decrease
in hardness is observed than in the near-surface zone. These results correspond with the
results of microscopic tests which showed that in this zone, the grain size was characterized
by relatively low variability. At a distance greater than 5-5.5 mm from the surface, i.e., at
the boundary of the microstructural changes caused by the surface treatment, a clear drop
in hardness to a level below the hardness of the base material can be observed, while in the
case of the NC sample, the zone of reduced hardness is clearly wider than in the case of
AC45 and AC90 samples, proving that the temperature gradient developed in the material
during FSP was smaller, and thus the heat flow rate to BM was smaller. At a distance of
more than 6 mm from the surface, an increase in hardness to the level characteristic for
base material was observed in all samples. As can be seen, the amplitude of changes in
hardness in this zone is relatively small.

By analyzing the literature data on the influence of FSP or FSW on the hardness of
the 7075 aluminum alloy, it can be noticed that the increase in hardness is not a regularity.
Despite the strong grain refinement favoring the increase in hardness, there is parallel
partial dissolution of the precipitate particles, which may lead to a decrease in hardness.
The hardness of the 7075 FSPed aluminum alloy is therefore the result of these processes.
The lack of a significant increase in the hardness of the 7075 alloy subjected to FSP in
relation to the hardness of BM was found, among others, by Sudhakar et al. [63]. Similar
effects were also obtained by Kumar et al. [64].
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Based on the data presented in Table 6, it can be concluded that with the assumed 95%
probability, the unknown hardness falls within the confidence intervals given in this table.
It should be stated that the use of additional cooling affects the change of hardness in the
entire tested range (0-10 mm) and it is particularly important in the area of the surface
layer and zones reaching even 3 mm from the processed surface.

3.4. Wear Resistance Tests

Wear resistance tests were carried out using the pin-on-disc method under dry friction
conditions. The specimens for the tribological tests were made from the central part of
individual bands. The specimens for the tribological tests had the shape of a cylinder with
a diameter of 4 mm and a length equal to the thickness of the sample, i.e., 15 mm. In order
to eliminate the influence of differences in the geometrical structure of the surface on the
amount of wear of the material, the surface layer, with a thickness of about 25 um, was
removed. This layer was removed with the tribology tester, stopping the abrasion of the
specimen when the tester showed a 25 um linear material loss. Then, the surfaces of the
specimens were cleaned of crushed particles and degreased, after which the actual test was
started. The test lasted 90 min and was carried out in ambient temperature, which was
23 £ 1 °C. The disc rotation speed was 150 rpm and was identical for all the specimens.
The counter-specimen was ring-shaped and made of EN 100Cr6 hard bearing steel (E52100
according to AISI). The wear resistance was determined by measuring the linear wear
of the tested specimen. Both friction-stir-processed specimens and the starting material
were tested for wear resistance to illustrate the effect of processing on the wear resistance
of alloys and possible differences in the wear resistance of the samples modified using
different variants of sample cooling. The results of the tribological tests are summarized in
Table 7 and presented in Figure 14.

Table 7. Linear losses recorded during tribological test.

Sample Linear Loss (um)
BM 116
NC sample 121
AC45 sample 99.6
AC90 sample 100.5
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Figure 14. Results of tribological test.
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The obtained results prove that the AC45 and AC90 specimens were characterized by
a comparable wear intensity, but the wear was slightly lower than that of the analogous
naturally cooled material and BM. These results are therefore consistent with the Archard
wear equation, according to which the wear rate of the material is inversely proportional to
the hardness of the material [65]. Notwithstanding, in the case of the NC specimen, the
linear material loss was greater than in the case of BM, even though the hardness of the NC
specimen was greater than that of BM. Hence, there was no regularity resulting from the
Archard wear equation for the NC specimen. Similar results were obtained, among others,
by Gholami et al. [66]; the alloy subjected to FSP analyzed by them was characterized
by a lower wear rate than the base material, and the registered wear rates were 1.32 and
1.67 mm3-N~1-m~!, respectively. The lower wear resistance of the NC specimen than BM
is mainly a consequence of the partial dissolution of the intermetallic phase precipitates.
Although in the case of the AC45 and AC90 samples, there was also a dissolving effect of
the intermetallic phase precipitates, the higher degree of grain refinement achieved in these
cases largely compensated for the decrease in wear resistance resulting from the reduced
number of intermetallic particles.

The samples after the tribological tests were then subjected to SEM examinations
in order to visualize their geometric structure and determine the wear mechanism. The
conducted observations revealed that the material abraded during the test by micro-cutting
and grooving, which proves the abrasive wear of the material in this case. The characteristic
scratches and grooves formed on the surface during the tribological test of the material
are shown in Figure 15. No significant differences were found in the geometric structure
of individual samples subjected to tribological tests. An important parameter useful
in the comparative evaluation of the wear resistance of samples with an identical wear
mechanism is the width of the grooves. A smaller width of the grooves proves a lesser
deformation of the material, and thus also indicates a greater wear resistance of the tested
material [67]. SEM tests of the surfaces of NC, AC45 and AC90 samples showed that
the width of the grooves in the analyzed samples was similar, therefore, these results
correspond to the results of the tribological test, which showed only slight differences in
the wear resistance of individual samples. In addition, all the specimens exhibited the local
presence of spalled regions, which proves that oxidative wear also occurred during the
tribological tests. Under conditions of high friction and the accompanying thermal effect,
the risk of oxidation of the sample surface increases, and the intensity of this process also
depends on the physicochemical properties of the material, especially its affinity for oxygen.
Aluminum is a metal with a strong affinity for oxygen; hence, the likelihood of an oxidation
layer on the surface of the sample is very high. It is also worth adding that the oxidized
places are more brittle than the metallic substrate; they do not form a permanent bond with
the substrate, and therefore can easily detach from the substrate, leaving a characteristic
spalled region in the place of detachment.
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Figure 15. Worn surface morphologies of as-cast specimen (a), NC specimen (b), AC45 specimen (c),
AC90 specimen (d). SEM.

4. Conclusions

The paper presents an analysis of the microstructure and selected properties of the
7075 alloy subjected to FSP with the use of various cooling variants. The novelty of the
work is an innovative method of cooling the sample during FSP, namely, by means of an air
stream cooled to —11 °C with a jet cooling nozzle. Therefore, an important aspect of the
work was also the assessment of the suitability of the applied sample cooling method in
shaping the microstructure and material properties.

Microstructural tests and selected material properties showed high efficiency of the
new cooling method in relation to cooling in still air, which is expressed by more favorable
changes in the microstructure, greater hardness and resistance to wear. The conducted
research shows that the use of a jet cooling nozzle, intensifying the cooling process, leads
to greater grain refinement, a more homogeneous microstructure and redistribution of
intermetallic phase precipitates. The grain size decreases from 240 pum in BM to 7.6 um
in the NC sample and to 3.2 pum and 1.4 pm in AC90 and AC45, respectively. The con-
sequence of microstructural changes caused by processing with air cooling was, in turn,
an improvement in hardness, and in the case of the AC45 and AC90 samples, also the
abrasion resistance of the material in relation to BM, or the sample subjected to FSP, but
modified without employing a cooling system. The application of additional cooling allows
the obtained microstructural effects to be influenced, e.g., by changing the position of the
cooling nozzle, changing the distance of the nozzle from the frictional site, or changing
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the air pressure supplied to the cooling nozzle, determining the target air temperature
at the outlet of the jet nozzle. The most effective solution is to cool both the surface of
the processed material and the tool itself with a stream of air, which was done in the case
of the AC45 sample. In the opinion of the authors of this paper, the presented solution
has application potential and can be successfully employed in industrial practice, being a
competitive solution to the currently used material cooling techniques.
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Abstract: This study focuses on the properties and process parameters dictating behavioural aspects
of friction stir welded Aluminium Alloy AA6061 metal matrix composites reinforced with varying
percentages of SiC and B4C. The joint properties in terms of mechanical strength, microstructural
integrity and quality were examined. The weld reveals grain refinement and uniform distribution
of reinforced particles in the joint region leading to improved strength compared to other joints of
varying base material compositions. The tensile properties of the friction stir welded AI-MMCs
improved after reinforcement with SiC and B4C. The maximum ultimate tensile stress was around
172.8 + 1.9 MPa for composite with 10% SiC and 3% B4C reinforcement. The percentage elongation
decreased as the percentage of SiC decreases and B4C increases. The hardness of the AI-MMCs
improved considerably by adding reinforcement and subsequent thermal action during the FSW
process, indicating an optimal increase as it eliminates brittleness. It was seen that higher SiC content
contributes to higher strength, improved wear properties and hardness. The wear rate was as high as
12 £ 0.9 g/s for 10% SiC reinforcement and 30 N load. The wear rate reduced for lower values of
load and increased with B4C reinforcement. The microstructural examination at the joints reveals
the flow of plasticized metal from advancing to the retreating side. The formation of onion rings in
the weld zone was due to the cylindrical FSW rotating tool material impression during the stirring
action. Alterations in chemical properties are negligible, thereby retaining the original characteristics
of the materials post welding. No major cracks or pores were observed during the non-destructive
testing process that established good quality of the weld. The results are indicated improvement in
mechanical and microstructural properties of the weld.

Keywords: stir casting; boron carbide; silicon carbide; AA6061 aluminium alloy; tensile strength;
friction stir welding

1. Introduction

In many industrial applications, aluminium alloys are reinforced with hard ceramic
particles to enhance the mechanical properties of aluminium metal matrix composites
(Al-MMCs) [1-3]. Aluminium MMCs are lightweight material accompanied with good
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thermal and electrical conductivity, high stiffness, hardness, strength, melting point and
wear resistance [4-6]. Due to their higher processing prices, AI-MMCs are deployed only
for military weapons and aerospace applications. Aluminium MMCs have further found
applications in automobile products, such as pistons, engine, disk brakes, cylinder liners
and drum brakes [7,8]. Fusion welding of AI-MMCs creates brittle intermetallic components
within the weld region’s matrix and the reinforcement particles. The induced stress in the
weld reduces the joint efficiency and reveals porosity and voids at the joint [9,10].

In the friction stir welding (FSW) process, a non-consumable rotating tool having
higher toughness than the base material is pitched into the faying/butt ends of the plates
to be welded. They are subject to appropriate axial force developed along the line of the
joint. Pin and shoulder are the two key portions of the tool. The material experiencing
the rotational movement of the tool pin is unstiffened by the frictional heat generated
by the tool during the spinning action. The rotating tool drives the plastically distorted
material from the front towards the reverse side of the tool. Subsequent forging facilitates
the achievement of the weld. Though a solid-state joining process with the absence of
material melting, FSW reveals a lack of stimulated melt solidified structure in the weld
zone. This addresses the technical lacuna’s encountered during the fusion welding of
composites [11-16]. A few impactful literature related to the FSW of AI-MMCs has been
reported [17-22]. Vijay and Murugan [22] reported that fine grain size and high tensile
strength was achieved for the square pin profile of friction stir welded AA6061/TiB, com-
posite. Xu et al. [21] stated that the high tensile strength values are obtained for high tool
rotating speed. Topcu et al. [20] emphasized that the hardness increases with an increase
in the B4C reinforcement. Ali et al. [18] investigated the hardness and tensile properties
of weld specimen and linked them with microstructural variation in AA6061/SiC/B4C
composites. Palanivelet et al. [17] revealed that the nugget zone and the grain growth
are affected when the time of exposure of the FSW tool is high. Wook et al. [19] achieved
uniform distribution of reinforced particles in weldment due to friction of FSW tool, and
SiC increases the hardness of the AI-MMCs.

Limited literature reports are available on appropriate mixing percentages of SiC and
B4C reinforcements on AI-MMCs for which industrially acceptable mechanical property
ranges and microstructural integrities for reliability are established. In particular, reports on
weldability studies on these AI-MMC’s are sporadic, lacking an interdisciplinary treatment.
This provides a broader scope for exploration regarding the thermal implications of FSW
on microstructures, process parametric influences on weld efficiency and mechanical
behavioural analysis. Hence, this work is undertaken to fabricate AI-MMC reinforced with
SiC and B4C particles using the stir casting technique in various percentage compositions.
FSW is performed on these composites by varying the process parameters to the weld’s
changes in properties and behaviours. The energy generated during the FSW process in
terms of heat is also estimated to examine the thermal behaviour of the weld in different
regions of the joint, which governs the microstructural grain sizes and the consequential,
mechanical properties.

2. Experimental Procedure

The experimentation is carried out in two phases: the first phase involves stir casting
to fabricate AI-MMC’s with varying reinforcement composition. The second phase involves
the FSW of the stir cast samples, followed by testing and characterization.

2.1. Fabrication of Composites (Phase-I)

A graphite crucible in electrical furnace (SwamEquip, Chennai, India) was used to
prepare the AI-MMCs reinforced B4C and SiC. Hexachloroethane tablets (M /s Madrad
Fluorine Private Ltd., Chennai, India) were used for degassing (eradicate dross) from the
composites. At 650 °C, B4C and SiC were pre-oxidized for 2 h and transferred into the liquid
matrix (AA6061) with constant stirring. To improve the metal bonding, heat treatment
was given to B4C to form a layer on SiC. After adding B4C and SiC at an optimal speed
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(500 rpm) and time (10 min), the melt was then transferred into an iron die mould. There
were no traces of casting defects. To improve the wettability of the reinforced particles,
magnesium was added during the stirring and melting of the alloy.

2.2. Experimental Setup

The AI-MMCs were prepared using the stir casting unit (Figure 1). The scientico
electrical furnace of dimension 600 mm x 600 mm x 600 mm of the outer shell and furnace
height 0.75 m was used. The crucible (dimension 200 mm X 300 mm x 50 mm) made
of Zirconia coated AISI310 stainless steel material was employed with speed variations
ranging between 300 and 500 rpm. The furnace operated at 230 V, 6 kW, and the molten
metal working temperature was 990 £ 0.1 °C with a maximum sustainable temperature of
1200 °C. The stir casting furnace specifications are given in Table 1.

Speed controller

Figure 1. Schematic of stir casting setup.

Table 1. Process parameters for stir casting.

S. No. Parameters Value
1 Spindle speed 300-500 rpm
2 Stirring time 10 min
3 Temperature of melt 990 °C
4 Preheated temperature of SiC and B4C particles 650 °C
5 Powder feed rate 0.75-1.0g/s
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2.3. Experimental Procedure for FSW of AI-MMC's (Phase-II)

To strengthen AI-MMCs, SiC (325 nm mesh size) and B4C (30 nm) particles were
reinforced in the metal matrix (Figure 2). Hexachloroethane tablets was used to improve
SiC and B4C powder’s wettability and enhance their behaviour in Al melts [23]. The
composition percentages of different samples fabricated in this study are listed in Table 2.

Figure 2. Scanning electron microscope micrograph of reinforcement particles: (a) SiC, (b) B4C.

The workpieces of dimensions 150 mm x 150 mm X 6 mm were prepared in butt
welding configuration (Figure 3). The FSW tool was made of tool steel (H-13) with a
shoulder diameter of 25 mm. The cylindrical tool dimensions of 6 mm diameter and
5.7 mm height were considered (Figure 4). After a few trial-and-error experiments using
FSW 3T 300NC, the optimal process parameters ranges were identified. The subsequent
trials were based on the design of experiments (DOE) with different levels of process
parameters accounting for 81 trials. However, the detailed information of the DOE based
trials is not discussed here as the scope of the paper focuses on properties and behaviours
of the weld. The FSW tool rotating speed, travelling speed and plunge force used for the
trials were 1000 rpm, 75 mm/min and 10 KN, respectively. The welded specimens are cut
along the cross-sections for tensile test specimens per ASTM (E8M) standards.

Figure 3. Friction stir welded specimen.
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Figure 4. Schematic representation of FSW process and tool.
Table 2. Composition of various samples in wt.%.
Sample No. Al % SiC % B4C % Mg %
1 85 10 3 2
2 85 8 5 2
3 85 5 8 2
4 85 3 10 2

3. Estimation of Energy Generated in FSW for Heat Input Examinations

The amount of heat generated in FSW is the power transformed to the total amount of
heat energy and expressed by Equation (1).

Q=nPk )

where 7—power transformation coefficient, and P—power transferred.
The total amount of heat energy transferred is the sum of the translational (Qf) and
rotational (Q,) heat energies as shown in Equation (2).

Q=0Q:+0Q (2)

The total amount of mechanical power derived is dependent on the amount of torque
(M) and angular frequency (w) and is expressed by Equations (3) and (4).
dP = wdM = wrdF = wrtdA
P=wM 3)

dP = wdM = wrdF = wrtdA 4)
where r—radial distance, F—force exerted by the FSW tool, T—sheer contact stress in the
material, and A—area of the weld.

By estimating the coefficients, the total heat input generated by the FSW tool is given
by Equations (5) and (6):

27t R
0= / / wrTdfdr )
00
27ty
ngxnywaxR 6)

Heat input in Equation (6) is the amount of energy per unit length of the weld.
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4. Results and Discussion
4.1. Mechanical Testing for Strength Assessment of Welds
4.1.1. Tensile Tests

The tensile tests were carried out at room temperature using a 40 tonnes capacity
universal testing machine (UTM) INSTRON 8801 (High Wycombe, UK). The specimens
were prepared according to the ASTM (E8M) standard. It was observed that sample #1
had the lowest B4C content had the highest tensile strength (172 MPa) compared to the
other samples (Figure 5). This is attributed to the good plasticity and density of Al [13].
With the increase in B4C and a decrease in SiC content in the friction stir welded AI-MMCs
samples, the tensile strength decreases. This can be attributed to the even distribution of
fine Al-SiC particles. Higher percentages of SiC contributed to particle agglomeration of
Al-SiC during the solidification that caused the decrease in strength of composites. The
maximum value of yield stress was 142.58 MPa for sample #1, within the acceptable range
of most applications. The strengthening of the composites joints after the FSW process
may be attributed to dislocation density of SiC and B,4C particles, plastic deformation,
and interactions between dislocations. The high yield strength of the AI-MMCs was due
to the high amount of dislocations in its matrix. During the synthesis of Al-composite,
additional dislocations were introduced by SiC and B4C particles due to the induced
internal stresses. It is attributed to the different cooling rates of the reinforcement particles
from the weld process temperature due to the thermal expansion coefficients mismatch.
The percentage elongation drastically reduced with a decrease in SiC and an increase in B4C
content. SiC exhibits high strength to weight ratio and high strength retention at elevated
temperatures. With this, composite may also improve chemical stability and eliminate
catastrophic failures when added to a metal matrix. However, it is important to account
that processing of SiC at high temperature is preferable only when the reinforcement is
to be processed at high temperature. There is also maximization of monolithic ceramics
causing fragility in the composites. During the FSW process, the thermal expansion
coefficient between reinforcement and the matrix contributes to the thermal cooling stress
from processing temperature.
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Figure 5. Tensile test properties measured for different sample compositions.
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4.1.2. Hardness Test

The interface bonding strength between the Al matrix and reinforcement particles
was recorded using the microhardness tests (Figure 6). It was observed that sample #4
had higher hardness followed by samples #3, #2 and #1. This observation emphasizes
that the hardness is directly proportional to the B4C and inversely proportional to the SiC
content. Unreinforced Al alloy had an average hardness value of 23 HV, which improved
considerably by adding reinforcement and subsequent thermal action during the FSW
process, indicating an optimal increase as it eliminates brittleness. SiC and B4C particles
are relatively harder and tightly bonded, constricting dislocation movements in the Al
matrix, thus enhancing the hardness. SiC has lower thermal expansion and can withstand
high temperature due to its high creep and oxidation resistance reflected in the mechanical
properties when added as reinforcement in AI-MMCs. Hence, a higher SiC content results
in a decline in hardness. The hardness observed at the weld zone was higher than other
zones for all the samples. It indicates the strengthening of AI-MMCs after it was subjected
to the FSW process. This is due to the friction action in FSW, which aids in the uniform
distribution of the reinforcement particles in the Al matrix. B4C exhibits low density and
high hardness, which improved the structural integrity and hardness of the AI-MMCs.
It also possesses excellent stability with high thermal loading, wettability and abrasive
capacity leading to prominent improvement in the mechanical properties.
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Figure 6. Comparison of hardness for friction stir welded AI-MMCs samples.
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0.38

4.1.3. Wear Analysis

Wear tests were performed on SiC and B4C reinforced AI-MMC:s to study the wear be-
haviour of AI-MMCs. B,4C particles showed an insignificant impact on the wear properties,
and consequently, the study was restricted to only the SiC content. SiC exhibits excellent
wear and corrosion resistance for a wide range of temperature reflected in the Al MMC'’s
tribological properties. For varying SiC content, the friction coefficient was recorded. The
coefficient of friction was higher for samples whose SiC content ranged between 2 to 4%
(Figure 7). It was also observed that the friction coefficient increased with an increase
in load from 10 N to 20 N (while maintaining a constant velocity of 1 m/s). However,
the friction coefficient decreased when the load was further increased to 30 N. This may
be attributed to the increased brittleness of the samples [5]. The wear rate prominently
increased with higher loading, and this observation was for all loading (Figure 8). The
wear resistance gets transformed from abrasion to adhesion, reducing the average friction
coefficient [5]. The wear rate of composites increased with the increase in load. This is
due to the direct metal to metal contact, which leads to wear. The reinforcement particles
reduced the plastic deformation by constricting the movement of dislocations. With the
increased normal load, the reinforcement particles eroded from the surface leads to base Al
resulted in a higher wear rate.
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Figure 7. Variation of coefficient of friction of AI-MMCs with SiC content at different load and constant velocity of 1 m/s.
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Figure 8. Variation of wear rate of AI-MMCs with SiC content at different load and constant velocity of 1 m/s.

SEM analysis was used to investigate the material loss from the surface. The SEM
micrographs of worn surface are shown in Figure 9a,b in 10 N and 20 N loads, respectively.
The presence of wear debris and ploughing marks are visible, which are insignificant to
cause any behavioural changes of the material. The reinforced particles agglomerated in
the weld region due to the frictional heat produced during welding. The SEM micrographs
of 30 N load are shown in Figure 9¢,d. The corresponding EDAX analysis is also presented.
The peaks of Al and reinforcement particles were observed. Small peaks of Fe were
also observed, suggesting the abrasion of the steel surface by the reinforcement particles.
Particles were homogeneously distributed, and no damage of worn surface was observed
for higher load. In few cases, the presence of delamination with intense plastic deformation
suggests adhesion wear [5]. The peaks of O in the EDAX analyses indicate the presence of
oxidative driven wear. It is well known that Al readily reacts with atmospheric oxygen
and forms aluminium oxide at the surface when undergone the counter steel abrasion.

4.2. Radiography Testing of Welds for Quality Assessment

Al-MMCs were placed between the radiation source (Ir-192, Co-60 and Cs-137) and ra-
dioactive film. The variation in the image intensities was observed to analyse pores, cracks
or discontinuities. Figure 10 shows that the friction stir welded samples (representative)
were free from any defect and discontinuity. Pores or pore clusters in the weld samples
may weaken the strength in the region but do not alter the weld properties. No pores or
pore clusters were observed in the samples. Hence, the samples were free from defects
and discontinuities.
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Figure 9. SEM/EDAX for AA 6061 composites with different reinforcement: (a) 10%SiC/3%B4C, (b) 8%SiC/5%B4C, (c) 5%
SiC/8% B4C, (d) 3% SiC/10% B4C.
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Figure 10. (a) Radiographic images of AA6061 welded composite plates reinforced with: (a) 5% SiC/8% B4C, (b) 3%
SiC/10% B4C.
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4.3. Metallurgical Characterization for Assessment of Weld Microstructures

The distinct macrostructures of different zones (base metal, stir zone, thermomechani-
cally affected zone, heat affected zone) in the friction stir welded AI-MMCs samples are
shown in Figure 11. The interfacial boundary was visible on both the advancing and the
retreating side. The base material showed fine and enlarged grain particles homogeneously
distributed (Figure 11a). At the extremities of the stir zone, the morphology of the mi-
crostructure significantly gets altered. (Figure 11b). In the stir zone, dynamic crystallization
occurred due to the FSW process. Grain refinement occurred due to heat, mechanical
deformation and stirring action of the FSW tool (Figure 11b). The boundary between
the thermo-mechanical affected zone and stir zone was not visible, and the grains were
distorted, aligned. A sharp transition occurred between these two regions (Figure 11c).
Mechanical vibration and heat in the thermomechanical affected zone were less compared
to the stir zone.
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Figure 11. Distinct microstructures of AI-MMC: (a) base metal, (b) stir zone, (c) thermomechanical affected zone/stir zone.
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The microstructural examination at the joints reveals the flow of plasticized metal from
advancing to the retreating side. The dynamic recrystallized zones of samples obtained
from the FSW are shown in Figure 12a,b. It was observed that the reinforcement particles
were distributed uniformly, and no undesired higher order reactions in the dynamic
recrystallized zones were seen. It is in coherence with other reports [24-26]. The formation
of onion rings was observed from Figure 12b due to the composite’s cylindrical FSW
rotating tool material extrusion. There were no traces of common defects to FSW processes
such as tunnels, wormholes and piping due to B4C dislocation in the Al matrix. The
extensive stirring action of FSW resulted in the formation of homogenous and refined
grains at the weld zone.

Figure 12. High-resolution SEM images of dynamic recrystallized zones of AI-MMC: (a) stir zone, (b) onion rings.

Figure 13 reveals the microscopic image of the weld cross-section and different zones
in friction stir welded samples. Considerable change was visible in the particle size of the
reinforcement phase in different regions of the joint. The reinforcement particles in the
weld region revealed fragmentation in the superficial zone (average particle size reduction
was about 6 times, whereas in the advancing zone average particle size reduction was about
3 times). This is because the reinforcement particles at the weld are subjected to higher heat
flux compared to other regions. However, in the weld nugget region, fragmentation of the
particles was significantly less (average particle size reduction was about 2 times). Distinct
microstructures were observed at the nugget region of the composite. The homogenous
distributions of refined grains were observed in the weld region are mainly attributed to
the plastic deformation due to FSW stirring tool. The reinforcement particulate precipitates
were fragmented and rearranged by the stirring action. The grains splitting and size
reduction lead to the evolution of microstructure that is specific in nature. There is an
irregular assortment of low/ high angle boundaries along with considerable quantum
of fine equiaxed grains. The microstructure revealed directional realignment indicating
close to parallel to the border between the transition zone and the stir zone. This matrix
structure formation may be due to the development of deformation-induced boundaries.
Besides, the traces of misorientation distribution implies a close relationship between the
grain-boundary formation and texture. Henceforth, the underlying microstructural process
lays the platform for continuous recrystallization. The refined equiaxed grains originate
from grain boundary bulging, which is reflected in concurrent development leading to
discontinuous recrystallization [27,28].
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Figure 13. SEM images of weld zone of AI-MMC: (a) base material, (b) initial stage, (c) progressive stage, (d) advanced stage.

The EDAX analysis was performed on the weld samples to identify the key elements in
the joint and the adjoining regions (Figure 14). The crystalline phase particle distributions
were examined by elemental mapping for Al, Si and B. It was observed that small size
grains of Si and Al phases are distributed in narrow spaces available between B4C particle.
The Al phase governs the solid solubility of various reinforcement particles. It may be
noticed that Al in the SiC pellets is negligible. The uniform distribution of Al, B and Si
is observed [29,30].
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Figure 14. SEM with EDAX of AI-MMC in the weld nugget region.

5. Conclusions

In this study, FSW was employed to join AA6061/SiC/B4C stir cast composites.
The study aimed to identify suitable AI-MMCs with high strength, lightweight and anti-
corrosion properties and explore their weldability characteristics and efficiency using FSW.
The process parameters of FSW influencing the properties of the weld along with the causes
attributed by the reinforcement components were investigated. The conclusions derived
from this study are presented as follows:

e  The tensile properties of the friction stir welded AI-MMCs improved after reinforce-
ment with SiC and B4C. The strengthening of the composite joints after the FSW
process may be attributed to the dislocation density of SiC and B4C particles, plastic
deformation during joining and the interactions between dislocations. The maximum
ultimate tensile stress was found to be around 174 MPa for sample #1 (10% SiC and
3% B4C). The percentage elongation decreased as the percentage of SiC decreases and
B4C increases.

e  The hardness of the AI-MMCs improved considerably by adding reinforcement and
subsequent thermal action during the FSW process, indicating an optimal increase as
it eliminates brittleness. This is due to hard and tightly bonded SiC and B4C particles,
which constricts dislocation movements in the Al matrix.

e It was seen that wear resistance improved after the reinforcement of AI-MMCs. This
is because the reinforcement particles reduced the plastic deformation by constricting
the movement of dislocations. The wear rate of composites increased with the increase
in load. This is due to the direct metal to metal contact, which leads to wear.

e  The microstructural examination at the joints reveals the flow of plasticized metal from
advancing to the retreating side. The formation of onion rings in the weld zone was
due to the cylindrical FSW rotating tool material impression during the stirring action.

FSW is the feasible and appropriate process for welding Al-MMCs. The results
promise to address the requirements of the aerospace and automobile industries. Due to
the good weld efficiency, defence sectors like missile launchers and naval sectors with
cruise components may adapt these materials along similar lines. The automobile and
aerospace industries are the major beneficiaries; nevertheless, their applicability may be
extrapolated to marine and defence structures.
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Abstract: Friction stir spot welding (FSSW) is one of the important variants of the friction stir welding
(FSW) process. FSSW has been developed mainly for automotive applications where the different
thickness sheets spot welding is essential. In the present work, different thin thickness sheets (1 mm
and 2 mm) of AA6082-T6 were welded using FSSW at a constant dwell time of 3 s and different
rotation speeds of 400, 600, 800, and 1000 rpm. The FSSW heat input was calculated, and the
temperature cycle experience during the FSSW process was recorded. Both starting materials and
produced FSSW joints were investigated by macro- and microstructural investigation, a hardness
test, and a tensile shear test, and the fractured surfaces were examined using a scanning electron
microscope (SEM). The macro examination showed that defect-free spot joints were produced at a
wide range of rotation speeds (400-1000 rpm). The microstructural results in terms of grain refining
of the stir zone (SZ) of the joints show good support for the mechanical properties of FSSW joints. It
was found that the best welding condition was 600 rpm for achieving different thin sheet thicknesses
spot joints with the SZ hardness of 95 & 2 HV0.5 and a tensile shear load of 4300 4 30 N.

Keywords: aluminum alloys; AA6082; friction stir spot welding; tensile shear load; hardness;
microstructure

1. Introduction

Nowadays, lightweight materials such as aluminum alloys and/or magnesium alloys
and their composites are widely used, especially in automotive and aerospace industries,
where saving weight is very important [1-3]. Spot joining technologies for lightweight
materials are laser spot welding, resistance spot welding, and riveting. Disadvantages of
these technologies include the consumption of tools during joining, large heat distortion,
and poor weld strength joints [4-7]. Porosity defects for conventional resistance spot
welding and laser spot welding cannot be avoided. Moreover, the riveting process increases
the weight of joining parts, besides the cost of drilling needed [8-10].

New welding technology based on the friction stir welding (FSW) principle has been
invented and introduced to the aerospace and most transportation industries with the
name of friction stir spot welding (FSSW). The FSSW is recommended as a fast and cheap
method to be used intensively for joining main structural components of similar [5,11-14]
and dissimilar materials [15,16]. Thus, this welding technique is considered a strong
competitive method for other spot joining technologies [17,18].

The FSSW is a solid-state joining method whereby a rotating tool is plunged into
material sheets in a lap joint setup configuration to a certain depth to weld them via
frictional heat generated during the friction stir process [18,19]. Thus, the FSSW is a thermo-
mechanical process; the tool is surrounded by plasticized stir zone (SZ) material with
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high temperature and subjected to severe stress, especially for joining. In the FSSW, the
solidification defects are avoided compared to the fusion welding techniques, and the joints
are performed in a short time [20,21]. It consists of three stages: the plunge stage with the
rotating tool under a certain downward force, stirring at a specific holding time, and the
drawing out stage. During the plunging stage, the rotating tool faces high resistance from
the workpiece. After that, the material is softened as a result of the plastic deformation and
the generated frictional heat. During the dwell period, the frictional heat was raised and
allowed the material to flow in the weld zone (WZ). In the last stage, the rotating tool is
drawn out from the WZ [15,20].

The friction stir spot welded (FSSWed) joint has a characteristic of a keyhole in the
middle. The produced FSSWed joint contains various typical zones, such as SZ, thermo-
mechanical affected zone (TMAZ), heat affected zone (HAZ), and base material as found
in the FSW joints [18]. In order to achieve spot-welded joints, many FSSW processes have
been developed, such as pin-less FSSW, refill FSSW, and swing FSSW [2,20].

The AA 6xxx series (Al, Mg, and Si) alloys are frequently used in transportation and
aerospace industries due to good corrosion resistance, excellent extrusion performance, and
weldability [22-24]. Yuan et al. [25] used two different tools with the same shoulder feature
and different pin geometries, a conventional pin and off-center pin feature, to produce a
similar FSSW lap joint of 1 mm thickness AA6016-T4. The obtained results showed that the
two tools exhibited a maximum weld separation load of around 3.3 kN at different rotation
speeds of 1500 rpm for the conventional pin and 2500 rpm for the off-center pin. In addition,
there is no relation between the microhardness results and separation modes of the welded
joints. Gao et al. [18] utilized the GDRX model implemented in DEFORM-3D to forecast
grain size during the FSSW of AA6082 and observed that grain size refinement owing to
dynamic recrystallization could be predicted. Muhayat et al. [26] studied the effect of the
pin diameter (3-7 mm) and dwell time (3-9 s) of FSSW similar thickness AA6082-T6 lap
joints and reported an increase in dwell time and that the pin diameters decrease in the
hardness of the welded joint. Moreover, the excessive heat input at 7 mm pin diameter
and 9 s dwell time resulted in a decrease in tensile shear load. Aydin et al. [5] applied
high rotation speeds from 1000 to 2500 rpm at a constant dwell time of 7 s, feeding rate of
50 mm/min, and plunge depth of 5 mm to achieve a similar thickness FSSW lap joint of
3 mm AA6082-T6 sheet. The results showed a drop in the hardness of the welded zone
compared to the BM. Aydin et al. [27], in other work, recommended a cylindrical pin profile
to FSSW of similar AA6082-T6 lap joint of 3 mm sheet thickness among the different pin
profiles of conical, hexagonal, triangular, and cylindrical with two grooves used at the
applied welding conditions of a relatively high rotation speed of 1500 rpm at different
dwell times from 2 to 11 s. Buffaa et al. [28] FSSWed a similar thickness of AA6082-T6 of
1.5 mm sheet alloy at rotation speeds 900, 1500, and 2000 rpm using a cylindrical pin. The
obtained results showed that increasing tool rotation causes a decrease in failure load.

In fact, there is a need in the transportation industry to friction stir spot weld different
thin thicknesses AA6XXX. Based on the available literature, there is no try to FSSW of
dissimilar thin thickness lap joints of AA6082-T6. Moreover, most researchers focused on
using high rotational speeds (900-2500 rpm) to achieve the FSSW [5,27,28]. Thus, this study
intended to explore the possibility of FSSW dissimilar thin sheet thickness 1 and 2 mm
of AA 6082-T6 alloy at relatively lower rotational speeds of 400, 600, and 800. Moreover,
the high rotation speed of 1000 rpm was tried for comparison. The microstructure and
mechanical properties in terms of hardness and tensile shear load of the produced joints
were examined with the light of applied heat input and the FSSW thermal cycle.

2. Methodology
2.1. Starting Materials

The starting material was AA6082-T6 aluminum alloy with two different sheet thick-
nesses of 1 x 1000 x 1000 mm and 2 x 1000 x 1000 mm were supplied by Future Fond
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Company, Milano, Italy. The two sheets have the same chemical composition as listed in
Table 1, and Table 2 summarizes the measured mechanical properties.

Table 1. The chemical composition of aluminum alloy AA6082-T6.

Element Mg Mn Si Fe Cr Zn Cu Ti Al
(wt. %) 0.6 0.4 0.75 0.5 0.2 0.2 0.1 0.1 Bal

Table 2. The mechanical properties of the two base material sheets of AA6082-T6.

Ultimate Tensile Fracture

AA6082-T6 Strength Yle(l;/[:;ess Strength Ha:;_cll\r;)ess
(MPa) (MPa)

1 mm sheet 301 296 236 127 £3

2 mm sheet 257 252 245 111+2

2.2. Friction Stir Spot Welding Process

The FSSW joints were produced using the friction stir welding/processing machine
(EG-FSW-M1) [29]. For spot welding purposes, the two sheets were cut to specimens
100 mm in length and 30 mm in width. The specimens were spot welded in lap joints
with a 30 mm overlap for the two different sheet thicknesses at a constant dwell time of
3 s and various rotation speeds of 400, 600, 800, and 1000 rpm. The other spot welding
parameters in terms of plunge depth, plunge rate, and tilt angle were kept constant at
2.6 mm, 0.1 mm/s, and 0°, respectively. The tool used was made of steel (AISI H13) with
dimensions of 20 mm shoulder diameter, 5 mm pin diameter, and 2.6 mm pin length. The
tool has a flat shoulder and a cylindrical pin, as shown in Figure 1. The selection of tool
geometry and tool material was based on the literature [5,6,30]. The cylindrical pin profile
produces axisymmetric temperature distributions and heat transfer phenomena through
the welds. The effect of the circular flow velocity due to the cylindrical pin on axisymmetric
temperature distributions is small [6,7,31].

40 20 10 || 2.6

Figure 1. Dimensions of the FSSW tool (all dimensions are in mm).

Figure 2 summarizes the FSSW process carried out, which consists of three steps: (1) lap
joint fixing with a clamping system (Figure 2a); (2) plunge stage and stirring action with
the rotating tool (Figure 2b); (3) the drawing out stage (Figure 2c). Finally, Figure 2d shows
the top view of a representative specimen spot-welded dissimilar thickness AA6082-T6
joint. The modern digital multimeter (type-UT61B, Zhejiang, China) was used to measure
the temperature during the FSSW at the applied different rotation speeds (400-1000 rpm)
using a thermocouple type “K”.
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" Lower sheet

Figure 2. (a—c) illustrates the steps of the FSSW process of AA6082-T6 lap joints, while (d) shows the
top view of the produced spot joint.

The produced FSSW joints were sectioned for macrostructure evaluation, microstruc-
ture investigation, and hardness test. The cross-sectional specimens were ground with SiC
papers up to 2400 grit, then polished using polishing cloth in the presence of alumina paste
up to a surface finish of 0.05 um. Chemical etching of the polished samples was performed
using two different compositions of Keller’s etcher. The first consists of 25 mL nitric acid
(HNO:3), 25 mL hydrochloric acid (HCI), 25 mL methanol (CH30OH), and one drop of hy-
drofluoric (HF). The other was 2.5 mL. HNOj3, 1.5 mL HCI, 95 mL distilled water, and 1 mL
HE. The microstructure investigation was conducted using Olympus optical microscope
(OM) (BX41M-LED, Olympus, Tokyo, Japan). The hardness test was performed for obtain-
ing hardness contour maps across the transverse sections of the spot-welded joints. The
hardness measurements were carried out using a Vickers hardness tester (model HWDV-75,
TTS Unlimited, Osaka, Japan) using an applied load of 5 N with a dwell time of 15 s.
The distance between every two indentations was set to 0.75 mm along the cross-section
of the welds. The tensile-shear test (the load-carrying capacity) was carried out using a
30-ton universal tensile testing machine (Type-WDW-300D, Guangdong, China) at room
temperature. The FSSW joints were tested with a constant loading rate of 0.1 mm/s. The
tensile shear test specimens were cut and prepared according to ASTM E 8M-04. Figure 3
illustrates schematic drawings of the tensile-shear test specimen of the FSSWed dissimilar
thickness AA6082-T6 joint (Figure 3a) and the tensile test specimen of the BM (Figure 3b).
During the tensile-shear test of the joint specimen (Figure 4a), two backing sheets were
used to ensure the application of axial load (Figure 4b,c). After tensile testing for the 2 mm
thickness BM and the FSSWed fractured joints produced at 400 and 1000 rpm, the fractured
surfaces were examined using a scanning electron microscope (SEM-Quanta FEG 250-FEI
Company, Hillsboro, OR, USA).
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Figure 3. Schematic drawing of (a) tensile/shear test samples of FSSW lap joints, (b) tensile test
sample of AA6082-T6 BM. (All dimensions in mm).

Figure 4. Photo image of (a) a dissimilar thickness AA6082-T6 lap joint, (b) setup of tensile/shear
test of the spot-welded joint, and (c) higher magnification of (b).

3. Results and Discussion
3.1. FSSWed Joints Surfaces” Appearance

Figure 5 shows the top and bottom typical appearances of the FSSW joints produced at
a constant dwell time of 3 s and different rotational speeds of 400, 600, 800, and 1000 rpm.
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Top views

From a visual inspection, it can be observed that the applied combination parameters
were suitable for producing FSSWed joints between different thickness sheets of AA6082-
T6. For the top view of the spot-welded joints (Figure 5), it can be seen that circular
indentations due to shoulder projection are observed at the different applied parameters
and the extruded material flashed to the sides of the shoulder projection is nearly similar.
Based on the experimental and published data from our lab [15,32,33], the processing spot
welding parameters were carefully selected to eliminate excessive flash during the FSSW.
The bottom view of the FSSW joints shows thermal hot spot areas (the affected areas due to
the friction stirring process). These thermal hot spot areas get darker with increasing the
rotational speed as a result of increasing the generated heat input during the spot dwell
time, as can be seen in Figure 5.

Bottom views |

20 mm

Figure 5. Typical appearances of both sides of dissimilar thin thickness FSSW AA6082-T6 lap joint
samples at a constant dwell time of 3 s and different rotation speeds.

3.2. Heat Input Calculation and Temperature Measurement

The heat input generated during the FSSW mainly depends on the tool shoulder
profile, pin geometry, rotation speed, friction coefficient, axial downward force, and dwell
time [16,33,34]. The thermo-mechanical process during the FSSW converts the produced
mechanical energy through tool rotation into heat input in the workpiece. The heat input
for the FSSW process (Q) can be calculated using Equation (1) [33,35]:

Q=2uL (), 1)

where P(N) : applied downward force, K4: the ratio of the contact area of shoulder profile
to tool cross-sectional area, w (rad/s) equals 27tn n: the used rotation speed, t (s): the
applied dwell time during the FSSW process, and r (m) : tool tip radius. u (the friction
coefficient between tool and aluminum alloy): equals 0.4 [14].

Where:

shoulder radius® — pin radius?
Ka= shoulder radius? 09375, @

From Equations (1) and (2), the heat input to produce dissimilar spot lap joints of
AA6082-T6 can be calculated using Equation (3).

Q=1.1859 x 100 x n x P x t, ©)

Figure 6 illustrates the generated heat input at the applied different rotational speeds
from 400 to 1000 rpm during the FSSW of the dissimilar thin thickness AA6082-T6 spot
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joints. The generated heat input increases with increasing the rotational speed up to
1000 rpm. The rotation speed of 1000 rpm exhibits the highest heat input energy of 3 kJ.

g
()

g
o
]

g
(00}
]

Heat input energy (k])
A

N
N
|

2.0

N
=
§e)
¢

T T T
600 800 1000

Rotation speed (rpm)
Figure 6. The generated heat input energy during the FSSW against the applied rotational speeds.

The FSSW thermal cycles of the SZ in terms of the measured working temperature
as a function of time at the different rotation speeds are shown in Figure 7. It can be seen
here that the thermal cycle gives the same trend at the applied different rotation speeds
from 400 to 1000 rpm at a constant dwell time of 3 s, with a difference in the measured peak
temperatures at each rotation speed. The FSSW of the dissimilar thin thickness AA6082-
T6 lap joints process can be divided into three stages. The first stage records the rising
temperature gradually by penetrating the tool pin at a constant feed rate of 0.1 mm/s
through the two sheets of the lap joint with direct contact of the tool shoulder with the top
surface of the upper sheet at the applied rotation speed. The second stage represents the
dwell time needed to achieve the spot joint at nearly temperature stability. The third stage
(drawing out stage) represents the end of the welding process and air-cooling of the lap
joint with gradually temperature loss. Table 3 lists the peak measured temperature in the
SZ during the FSSW process. The temperature increases from 236 + 4 to 367 &+ 3 °C with
the increasing rotational speed from 400 to 1000 rpm, respectively.

Table 3. The maximum measured temperature during the FSSW process at different rotational speeds.

1000
367 £ 3

Rotational Speeds (rpm) 400 600 800
236+ 4 265+ 3 308 £5

Peak Temperature (°C)
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Figure 7. The thermal cycles during the FSSW of the dissimilar thin thickness AA6082-T6 lap joints
processed at a constant dwell time of 3 s and the different rotational speeds of 400, 600, 800, and
1000 rpm.

3.3. Transverse Macrographs of the FSSWed Joints

Figure 8 shows the transverse cross-sections macrographs of the FSSWed AA6082-T6
joints. It can be observed that the interface between the overlapped sheets is welded due to
plastic deformation and material flow produced by the rotation of the tool pin. In previous
studies [15,36], it has been reported that three different regions are established in the spot
weld zone. These regions are the flow transition zone under the rotating tool shoulder,
the SZ around the tool pin, and the torsion zone under the pin. In fact, the joint efficiency
of the FSSW is controlled by various parameters, including welding material, machine
parameters (rotational speed, dwell time, and downward force), and tool material and
design [1,25,27].

3.4. Microstructure Investigation

The microstructures and grain size histograms of the AA 6082-T6 BMs are shown
in Figure 9. It can be seen that the BM microstructures show elongated and larger grain
structures in the rolling directions, including very fine dispersed Mg,Si precipitates and
relatively coarse (Fe, Mn)3;SiAly, particles, as shown in Figure 9a,c. Typical microstructure
features of the AA 6082-T6 BM are reported by Aydin et al. [27]. It can be remarked that AA
6082-T6 sheets of 1 and 2 mm thickness have mean grain size values of 6.63 &= 2 um and
14.14 £ 1.5 um, as shown in Figure 9b,d, respectively. The difference in grain size of BMs
is related to imposing intense plastic deformation of thickness reduction. More thickness
reduction using the rolling process in asymmetric directions causes high internal strain and
grain size refining that increases the elongation and the strength [37].

56



Materials 2022, 15, 2971

Shoulder

400

s Extruded Al
o —~

600

Keyhole

800

Rotation speeds, (rpm)

1000

5 mm

Figure 8. Macrographs of the transverse cross-section of the FSSW lap joints at a constant dwell time
of 3 s and rotational speeds of (a) 400 rpm, (b) 600 rpm, (c) 800 rpm, and (d) 1000 rpm.
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Figure 9. OM images, (a,c) and grain size histograms, (b,d) of AA6082-T6 sheet BMs of 1 mm and
2 mm thickness, respectively.
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Figure 10 is a representative drawing example for the cross-section of the FSSWed
joints to illustrate the locations (P1-P4) examined using an optical microscope to clarify
the different zones achieved by the FSSW process at the various parameters. The optical
micrographs in Figures 11a, 12a, 13a and 14a illustrate various FSSWed zones (5Z, TMAZ,
and HAZ) yielded after the FSSW at a constant dwell time of 3 s using the different rotation
speeds of 400, 600, 800, and 1000 rpm. In addition, a keyhole is formed in the center of the
FSSW lap joints. The microstructure analysis of the BMs (Figure 9) and S.Z regions confirm
distinct modifications in grain morphologies and sizes (Figures 11b, 12b, 13b and 14b). The
elongated grains of the AA6082-T6 BM sheets are refined to equiaxed grains in a narrow
range distribution at all the applied parameters. This change in the morphology and size
of the grains is ascribed to dynamic recrystallization through the SZ [15,26,27,35]. The
high temperature experienced and the amount of strain at this high temperature allows
the dynamic recrystallization to take place [30,38]. It has been reported that the FSW of
aluminum resulted in a high temperature and high strain rate that cause the formation
of new fine equiaxed grain structure through dynamic recrystallization [39,40]. During
the FSSW of aluminum, as noticed above, the temperature experience ranges between 220
to 350 °C, which is high enough to allow dynamic recrystallization at the high strain rate
experienced. Thus, the grain size of the 2 mm AA6082-T6 BM reduced from 14.14 4+ 1.5 pm
to 1.24, 1.68, 2.37, and 3.52 pum for the stir zones of the joints spot welded at 400, 600, 800,
and 1000 rpm, respectively, Figure 15. The average grain size of the SZ is increased with
increasing the rotation speed from 400 to 1000 due to the increase in heat input (Figure 6).
The coarse particles of (Fe, Mn);SiAlj, in the BMs have fragmented into small particles and
redistributed in the aluminum matrix due to the stirring action in the SZ, whereas the fine
precipitates (Mg,Si) are coarse in the SZ, which may be attributed to the dissolution and
regrowth during the thermal cycle of welding, followed by air cooling [27,41]. Furthermore,
the TMAZ grains (Figures 11c, 12¢, 13c and 14c) are noticeably rotated and deformed along
with the material flow during the stirring action of the tool material. The grain size in the
HAZ is affected by the frictional heat generation, not by plastic deformation (as shown in
Figures 11d, 12d, 13d and 14d). Thus, it is expected that a grain growth in HAZ compared
to the BM grain size will be observed. The thermal exposure in the HAZ and the TMAZ
during the FSSW process resulted in a coarsening of the precipitates. Finally, it can be
concluded that the grain size of the different spot welding zones (SZ, TMAZ, HAZ) is
directly related to the rotation speed when the other process parameters constant are kept
constant. The mean grain size of the three zones increases with increasing tool rotation
speed from 400 to 1000 rpm, as given in Figure 15.

[t P4

P3
2 mm AA6082-T6 \ P2 /
Pl

1mm AA6082-T6 A 7/

WSz | TMAZ | |HAZ

Figure 10. Schematic drawing showing the locations of the selected points (P1-P4) for the microstruc-
ture examination of the friction spot weld zone.
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Figure 11. Different microstructure zones of the joint spot welded at 400 rpm where P1 is mixed zone
of SZ/TMAZ/HAZ in (a), P2 is SZ in (b), P3 is TMAZ in (c), and P4 is HAZ in (d).

AN “(f 4
1Y ) v,
G Ak

Figure 12. Different microstructure zones of the joint spot welded at 600 rpm where P1 is mixed zone
of SZ/TMAZ/HAZ in (a), P2 is SZ in (b), P3 is TMAZ in (c), and P4 is HAZ in (d).
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Figure 13. Different microstructure zones of the joint spot welded at 800 rpm where P1 is mixed zone
of SZ/TMAZ/HAZ in (a), P2 is SZ in (b), P3 is TMAZ in (c), and P4 is HAZ in (d).

Figure 14. Different microstructure zones of the joint spot welded at 800 rpm where P1 is mixed zone
of SZ/TMAZ/HAZ in (a), P2 is SZ in (b), P3 is TMAZ in (c), and P4 is HAZ in (d).
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Figure 15. The mean grain size of the SZ and TMAZ of the joints spot welded at 400, 600, 800, and
1000 rpm rotation speed, and 3 s dwell time.

3.5. Hardness Characterization

Hardness was measured on the cross-sections of all the FSSWed joints produced at
the rotational speeds of 400, 600, 800, and 1000 rpm and represented in color contoured
maps, as shown in Figure 16. It is well known that the hardness through the thickness of
the weld zones is controlled by thermal exposure during the FSW process [30]. Moreover,
the state of the starting material affects the hardness behavior after FSW. For example, in
this study, the starting material is T6 temper condition, which means fully hard through
age hardening. Thus, the high thermal exposure is expected to result in hardness reduc-
tion in the weld region either due to the coarsening or the dissolution of the hardening
precipitates [16,30,40,42—45]. In this study, the hardness contour map across the transverse
cross section of the weld zone gives good representation of the hardness behavior. The
AA6082-T6 BMs showed the mean hardness value of 127 £+ 3 and 111 4+ 2 HVy5 for the
1 mm and 2 mm sheet thickness, respectively. Compared to the BM, the hardness of the
weld zone of the FSSW joints significantly decreased at all the applied rotation speeds
(Figure 16) due to annealing of the AA6082-T6 BMs caused by the frictional heat generated
during the FSSW [5,27] and the FSW [8] processes. For each spot-welded joint among the
weld zone, the minimum hardness values were observed in the HAZ due to the grain struc-
ture and overaging effects. In contrast the higher hardness was recorded in the SZ mainly
due to the dynamic recrystallized equiaxed fine grain structure and the reprecipitation
process that might take place upon the cooling cycle [30]. The hardness of the TMAZ shows
lower values than the SZ and higher values of hardness than the HAZ. The increase of the
TMAZ hardness over the HAZ may be ascribed to the high dislocation density promoted
by the plastic deformation during the FSSW process [46—48]. The highest hardness values
were 95 + 2,87 £ 3, and 80 &+ 5 HVy 5 for the SZ, TMAZ, and HAZ, respectively, of the spot
joint welded at 600 rpm (Figure 16b).
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Figure 16. Two-dimensional hardness map of FSSW lap joints (a) 400, (b) 600, (c) 800, and
(d) 1000 rpm.

3.6. Tensile Shear Testing and Fracture Behavior

Vehicle designers consider the tensile shear performance of the spot-welded joints
while developing new models of vehicles. Thus, the tensile shear test for all the produced
FSSWed joints was evaluated. It was reported that the tensile shear performance of the
FSSWed was significantly affected by the welding process parameters [27,32,35]. The
maximum tensile shear load of the FSSWed lap joints produced at the rotation speeds of
400, 600, 800, and 1000 rpm is illustrated in Figure 17. It can be seen here that the FSSW
condition of 600 rpm rotation speed at 3 s dwell time shows the highest tensile shear load
(4300 £ 30 N) compared to the load-carrying capacity of the other spot-welded joints. The
two sheets of this spot lap joint are still connected after the tensile shear test, indicating
high joint efficiency (Figure 18). This increase in tensile shear lap carrying capacity can
be attributed to a larger fully bonded section size and lower hook height. In addition, the
hardness improvement in the SZ is more than the hardness measured in the SZ of the other
FSSWed joints. In contrast, the welded lap sheets produced at 400, 800, and 1000 rpm are
completely separated during the tensile shear testing (Figure 19). The failed spot lap joint
processed at 400 rpm may be ascribed to insufficient heat input, which affects in mixing
during the welding of the dissimilar thickness AA6082-T6 lap joint. The tensile shear loads’
carrying capacity of the spot welds processed at higher rotation speeds of 800 and 1000 rpm
show a decrease in the maximum tensile shear load. This drop in the tensile shear is likely
due to the increased thermal softening in the SZ with rising heat input and lower thickness
of the upper sheet underneath the shoulder. Xie et al. [49] and Ohashi et al. [50] concluded
that the mechanical properties of the FSSWed lap joints are mainly governed by both the
upper sheet underneath the shoulder and the bonded area. It should also be mentioned
that the precipitate-free zones around the grain boundaries due to precipitate coarsening
might have reduced the strength of SZ.

The fracture surfaces of the tensile-tested BMs are given in Figure 20. It can be seen here
that the two fracture modes (ductile and brittle) are detected for the two sheet thicknesses
of 1 mm (Figure 20a,c) and 2 mm (Figure 20b,d), that the ductile fracture showed by the
aluminum matrix in terms of different dimple sizes in 1 mm sheet and shallow elongated
dimples of 2 mm sheet thickness, while the brittle fracture was observed by the presence
of precipitates of Mg,Si and (Fe, Mn)3SiAlj;. Microvoids due to the precipitates pullout
are also detected on the fracture surface of the two sheets. The observed fracture surface
is typically related to the microstructure features of AA6082-T6 BMs. Figure 21 illustrates
the SEM fractography of the lower sheet of the FSSWed joint processed at a constant dwell
time of 3 s and different rotation speeds of 400 (Figure 20a—c) and 1000 rpm (Figure 20df).
The two spot lap joints were failed by the tensile shear mechanism. Under the tensile shear
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Maximum load (N )
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loading conditions, the microcracks begin at the partially bonded region at the tip of the
hook and propagate preferentially in the horizontal direction at the spot joint interface,
shearing the SZ causing failure. The fracture surface of the two joints at the lower sheets
shows typically ductile features in terms of very small deep dimples compared to the BMs,
indicating the grain refining of the SZ during the FSSW.
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Figure 17. Maximum tensile-shear load of the FSSWed joints processed at a constant dwell time of 3 s
and different rotation speeds of 400, 600, 800, and 1000 rpm.

Figure 18. (a) top view, (b) side view, and (c) bottom view photographs of the fracture surface
appearance of the FSSWed lap joint processed at 600 rpm and 3 s.
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Figure 19. Photographs of fracture surface appearance of the FSSW lap joints processed at 400, 800,
and 1000 rpm and 3 s dwell time.

Figure 20. SEM images showing the fracture surface of AA6082-T6 BMs; (a,c) 1 mm and (b,d) 2 mm
at different magnifications.
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Figure 21. SEM images of FSSW lap joints at (a,b,c) 400 rpm and (d,ef) 1000 rpm at
different magnifications.

4. Conclusions

In the study, different AA6082-T6 thickness sheets of 1 mm and 2 mm were friction stir
spot welded at a constant dwell time of 3 s and different rotation speeds of 400, 600, 800, and
1000 rpm. The spot-welded joints were characterized in terms of macro-, microstructure,
hardness, and tensile shear testing and fracture surface. Based on the obtained results, the
following conclusions can be outlined:

1.  The applied FSSW parameters in terms of a constant dwell time of 3 s and different
rotation speeds of 400, 600, 800, and 1000 rpm succeeded in welding two different
thin sheet thicknesses of AA6082-T6 in spot lap joint configuration.

2. Among the produced joints, the spot-welded joint processed at 600 rpm achieved the
highest SZ hardness of 95 + 2 HV) 5 and maximum tensile shear load of 4300 & 30 N.

3. The FSSW of AA6082-T6 temper condition significantly decreased the hardness in the
weld zone (5Z, TMAZ, and HAZ) compared to the BMs, and the SZ showed higher
hardness values than the TMAZ and HAZ.

4. The spot-welded joints processed at the lowest rotation speed of 400 rpm and those
processed at the highest rotation speed of 1000 rpm failed in the SZ with a ductile
fracture mode.
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Abstract: In recent years, friction stir welding (FSW) of dissimilar materials has become an important
issue in lightweight and eco-friendly bonding technology. Although weight reduction of low-rigidity
parts has been achieved, the weight reduction has been minimal because high-rigidity parts such as
chassis require the use of iron. Considering the difficulty of welding a pipe shape, it is necessary to
understand the effect of process parameters on mechanical performance. As a result of the study by
various process parameters affecting the joint between aluminum and steel in the shape of a pipe,
it can be seen that the tool penetration depth (TPD) has the most important effect on the tensile
shear load (TSL). However, the effect of TPD on intermetallic compound (IMC), which has the most
important influence on fracture, has not been well established. In this study, the effect of process
parameters on IMC thickness and TSL in FSW of A357 cast aluminum and FB590 high tensile steel
was investigated to reduce the weight of the torsion beam shaft of an automobile chassis. After
the FSWed experiment, measurements were performed using an optical microscope and scanning
electron microscopy (SEM) to investigate the microstructure of the weld. The formation of an IMC
layer was observed at the interlayer between aluminum and steel. TPD is a major factor in IMC
thickness variation, and there is a direct relationship between IMC thickness reduction and TSL
increase, except for certain sections where the welding speed (WS) effect is large. Therefore, in order
to improve mechanical properties in friction stir lap welding of aluminum and steel for high-rigidity
parts, it is necessary to deepen the TPD at a level where flow is dominant rather than heat input.

Keywords: dissimilar friction stir welding; tool penetration depth (TPD); microstructure; intermetallic
compound (IMC) thickness; process parameter

1. Introduction

Recently, energy saving for global environment protection has emerged as an impor-
tant issue in many industries, including the automobile industry [1-4]. Replacing steel
with aluminum (Al) alloys to improve vehicle performance and fuel economy is a possible
alternative. To replace everything made of steel with aluminum is difficult due to the differ-
ences of the mechanical performance of the material [5]. Therefore, a potential alternative
is the replacement of a part of the steel with the Al alloy. When doing this, it is important
to properly join the steel and Al; however, there are several factors that make dissimilar
joining of steel and aluminum difficult. In particular, fusion welding typically results in
various types of chemical separation, internal defects, and undesirable IMC in Al/steel
welding. Conventional welding methods for dissimilar aluminum alloys and steels can
lead to the formation of thick intermetallic (IMC) layers, so an alternative is needed [6].
Friction stir welding (FSW) is a stir welding technology developed by TWI in the UK in
1991 [7]. Because FSW is performed below the melting point of the material, it is possible
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to solve problems such as solidification defects that occur during melt welding, and it
is possible to join lightweight alloys and high-strength alloys. A coupled torsion beam
axle using high-strength steel (HSS) FB590 material is mounted on the rear of the car to
interlink the tire and the body, support the force received from the tire, adjust the rolling
angle when cornering, and the absorb vibrations or impacts of the road side [8]. Hot-rolled
FB590 is an HSS that can be used in automotive chassis and suspension applications owing
to its excellent crash performance, etc. [9]. In a coupled torsion beam axle steel, A357
material was selected to replace the trailing arm part that is not affected by torsion with
Al material. In the aerospace and automotive industries, the alloys A356 and A357 are
widely used for casting high-strength parts because they provide a combination of high
strength while having good casting properties [10-13]. The FSW of A357 and FB 590 was
studied to reduce the weight of automobile parts [14-16]. Park et al. [14] reported that by
performing dissimilar FSW of 3 mm thick A357 cast Al and FB590 HSS plate, a tensile shear
load (TSL) of 72.8% was achieved compared to the Al base material with TSL of 7912 N.
The FSW process is mainly divided into four phases, and the normal force is changed in
them [17]. During the FSW process, thermal energy is generated by friction between the
tool and the workpiece, and plastic deformation of the workpiece occurs [18]. A study was
conducted to determine the effects of different process parameters on the heat input and
normal force [19-21]. The helical shape of the scroll tool shoulder improves the vertical
force and is especially suitable for curved joints [22,23]. Process parameters that affect the
heat input include the tool geometry and tool-related process parameters (offset and tilt),
tool rotational speed (TRS), welding speed (WS), plunge speed, dwell time, plunge depth
(PD), and tool penetration depth (TPD). To reduce defects in FSW and increase mechanical
strength, the influence of process parameters becomes important after the tool design is
complete. In a study on tool-related process parameters, it was reported that there is an
optimal point of the normal force as the inclination angle of the tool and the tool offset
increase [24,25]. In order to reduce the defects of the FSW joint and increase the mechanical
strength, a study was conducted on TRS, WS, plunge speed, dwell time, PD, and TPD,
which are non-tool process parameters. Process parameters have been shown to affect the
mechanical performance and microstructure [26-35]. The joint strength has been shown to
increase with increasing TPD [31-34]. In addition, research on various bonding methods
between various materials is in progress.

Butts and laps between similar or dissimilar Al alloys [1,17-20,36], butts between Al
alloys and steel [14,37-39], and laps [15,16,21,40,41] have been performed. Shamsujjoha
et al. [42] studied the effect of tool penetration after friction stir lap welding (FSLW) of
AA6061-T6511 and mild steel 1018. Understanding the evolution of microstructures is of
considerable interest because the generation of micrograin structures in FSW significantly
influences their mechanical properties [24,43,44]. The microstructure is also affected by
tool and process parameters. Performing FSW of pipes is hard owing to its complicated
geometry, and only a few studies of FSLW have been reported [15,16]. Al and steel materials
have near-zero mutual solubility, forming the IMC of FexAly [44]. The formation of IMC
depends on the solid-state reaction between two substances, Fe and Al [45]. It is proposed
that in FSW, the weld strength of aluminum and steel depends on the IMC, which is
often formed during the welding operation of dissimilar materials [25,46]. In addition,
process parameters directly affect the thickness of IMC [4,26,28,29,39,40,47—49]. Hussein
et al. [4] presented a cause-effect diagram for IMC thickness formation. Many studies
have been conducted to determine the relationship between process parameters and IMC
thickness [25,26,29,33,50-52], while many studies have also been conducted to determine
the relationship between the TSL and IMC thickness [53-55]. The latest research trends
on IMC thickness and pipes are as follows. Aghajani Derazkola et al. [56] reported that
the water-cooled sample with optimal IMC layer thickness showed the highest strength in
friction stir joints of AA3003 and A441 AISI steels. A lower cooling rate allows thickening
of IMCs and provides more brittleness to decrease the strength of FSW. Mortello et al. [57]
obtained best results at feed rates ranging from 1.3 to 1.9 mm/s and rotational speeds
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of approximately 700 to 800 rpm for friction stir lap joints of AA5083 H111 and S355]2
grades DH36 structural steel. As the IMC thickness increases, the shear force decreases.
Pankaj et al. [58] showed that in butt friction stir joints of DH36 steel and AA6061, the
IMC thickness decreased with increasing tool offset and increased with increasing tool
offset from 0.4 to 1.5 mm. The tool offset was observed to decrease with further increase
from 1.5 mm to 2.5 mm. Abd Elnabi et al. [59] reported that the shear tensile strength
increased as the tool pin length increased, and there was no change in bonding efficiency at
IMC thicknesses of 7.5 pm or more. As a recent research of pipe, Choy et al. [16] used the
definitive screening design method in the FSLW of aluminum and steel pipe as a previous
study in this paper. PD and TPD are the most important factors influencing TSL, and there
is no interaction between PD and TPD for the first time. Sabry et al. [60] reported FSW and
submerged friction stir welding (UWFSW) on AA6061 pipe with a diameter of 30 mm and a
wall thickness of 2, 3, and 4 mm. Using the full factorial analysis method, it was stated that
the higher the TRS, the higher the UTS increased as the WS decreased. Abdullah et al. [61]
investigated the rotational and linear velocities of tools in friction stir lap joints of AA5086
and C12200 copper alloy pipes and the microstructure, macrostructure, and mechanical
properties of tool joints. Cylindrical pin tools at speed ratios below 10 rev/mm and conical
pin tools in the 5-15 rev/mm speed ratio range have been shown to produce tunnel defects
in the agitation zone. It is important to study process parameters because the type of
IMC, the bonding mechanisms (such as hook joints, micro, and macro structures), and the
IMC thickness (related on the axial pressure and heat generation of the weld zone). IMC
thickness depends on the relationship between input heat and material flow. In general,
increasing TRS increases IMC thickness and increasing WS decreases IMC thickness. In
this study, TPD was assumed as the factor that has the greatest influence on material flow
among process variables. So far, most of the studies have been mainly conducted on FSW
joints to determine the influence of process parameters related to the plate shape. Pipe
geometry studies that focus on the influence of process parameters have been mainly
conducted on similar butt joints. Even in the study of pipe shape, only a few studies that
focus on the effects of microstructures on the FSLW of AL and steel have been reported. In
addition, there is little literature describing the effect of the microstructure on TPD, other
than TRS and WS. Therefore, in this study, we aim to study the microstructure, as well
as the IMC thickness and TSL characteristics according to TPD in pipe-shaped Al and
steel FSLW.

2. Experimental Preparation and Methods
2.1. Materials and Tools

The pipes used in this experiment were A357 cast Al and FB590 HSS. The chemical
composition of each material is shown in Table 1 [14]. The test specimen, i.e., A357 cast
aluminum, was manufactured with an outer diameter of ® 111 mm, a length of 155 mm, a
thickness of 3 mm in the joint, and a thickness of 6 mm in an unbonded part.

Table 1. The chemical composition of base materials [14].

Material C Si Mn P S Cr Ni
FB590 0.076 0.094 1.472 0.013 0.001 0.019 0.008

Material Si Mg Cu Zn Fe Mn Ti
A357 6.937 0.507 0.034 0.017 0.181 0.007 0.116

FB590 HSS was manufactured with an outer diameter of ® 105 mm, a length of 110 mm,
and a thickness of 3 mm. Figure 1 is a photograph showing the experimental equipment,
tool, and TPD. As shown in Figure 1a, the experimental equipment consists of a Winxen
milling equipment that supplies the rotational force of the spindle up to 2000 rpm, a chuck
fixing both sides of the pipe, and a fixing jig equipped with a bearing to support the pipe.
Figure 1b shows the tool used in the FSW processing and the enlarged picture of the scroll
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shape of the shoulder. Figure 1c shows the change in TPD according to the change of
tool, with pin lengths of 3.0, 3.5, and 4 mm in the boundary layer between 3 mm thick
aluminum and steel, in order to investigate the change in IMC thickness according to TPD.
To rule out the effect of the PD, the PD was fixed at 0.0 mm. Dotted box arrows indicate
increases in TPD. The material of the FSW tool was manufactured using W-Ni-Fe alloy,
which is a type of heavy alloy. The tool’s pin was processed into a threaded shape with
a cylindrical tape, and the tool’s shoulder was processed into a parallel scroll shape to
increase the z-axis vertical force, improving the frictional heat and stirring during the FSW
joining process [14,23].

' |Plunge depth(mm)

Shank 0.0, ,// _ - Top of pin
~ 7 v
Collar Tool
e -~ Pin
‘Tool penetration
310mm
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YoM L
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Figure 1. Overall configuration diagram of FSW experiment. (a) tool and close view of shoulder;

(b) photograph of experimental equipment; and (c) tool penetration depth (TPD) [16].

The shoulder, pin root, and pin diameter of the tool are 10, 5, and 4 mm, respectively.
To determine the effects of TPD, three types of tools with pin lengths of 3.0, 3.5, and 4.0 mm
were used.

2.2. Experimental Methods

Figure 2 is a schematic diagram of the FSLW experimental process to investigate the effect
of the IMC thickness and TSL according to different process parameters. Figure 2a, b show
the definition of process parameters on the experiment. Figure 2a shows the TRS at which
the main shaft rotates at a constant speed, the WS at which the tool advances the workpiece
for joining the workpiece, the plunge speed descending at a constant speed relative to the
TPD, and TPD at a constant plunge speed. After the tool descends to destination point,
the descent is stopped, and the definition of dwell time is shown while the tool rotates in
a fixed position for a certain period of time. For tools pre-selected by the PD and TPD in
Figure 2b, the PD to which the top of the tool pin penetrates the outer diameter of the pipe
and the TPD through which the tool pin penetrates the interlayer between steel and Al are
shown. Figure 2c shows the thickness of the IMC layer, which is required to investigate the
effect of process parameters on the microstructure. Figure 2d is shown to investigate the
effect of process parameters on the magnitude of TSL.

According to Figure 2, the experimental method is as follows. After the experiment
was performed according to the number of levels of the process parameter based on the set
experiment, the change in the thickness of the IMC layer affected by each process parameter was
measured. After the measurement, the effects of changes in the TPD and TRS were analyzed.

Shamsujjoha et al. [42] reported a better weld strength when the Al plate was placed
along the advancing face on the steel plate. The two materials were washed with ethanol
and then installed using the lap method, with A390 cast Al on the top side and FB590 HSS
on the bottom side; the lap width was about 30 mm, as illustrated in Figure 1.
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Figure 2. Schematic illustration of FSLW experimental process on IMC thickness and tensile shear
load (TSL) by process parameters; (a) process parameter; (b) plunge depth and TPD; (c) IMC thickness;
and (d) TSL.

Table 2 welding parameters for experiment. Group A is experiment no. 1, no. 2, and
no. 3, and group B is experiment no. 4, no. 5, and no. 6.

Table 2. Welding parameters for experiment.

E . Welding Speed Tool Penetration Tool Rotational Speed
xperiment No.
(rpm) Depth (mm) (rpm)
1 0.10 0.0 1800
2 0.10 0.5 1700
3 0.10 1.0 1900
4 0.20 0.0 1900
5 0.15 0.5 1800
6 0.20 1.0 1700

The sequence of experiments and the parameter values were selected to investigate
the process parameters affecting the IMC thickness and TSL.

Because the PD and the TPD are affected by the pin length of the tool, the PD was fixed
at 0.0 mm to prevent mutual interaction and to only investigate the effect of TPD, such that it
is not affected by the PD. Tool pin lengths of 3.0, 3.5, and 4.0 mm were selected and used for
the TPD experiment. Experimental conditions for the remaining parameters were selected
as follows: TRS of 1700-1900 rpm; WS of 0.1-0.2 rpm; and a TPD of 0.0 mm, 0.5 mm, and
1.0 mm. The experiment was divided into two groups to investigate the effect of WS and TPD
on the IMC thickness and TSL. The process parameter of one group is 0.1 rpm WS, and the
other group has a WS value of 0.15 rpm or more. Figure 1c shows the change according to the
TPD and indicates the position of the tool penetrating the steel surface through the boundary
layer between A357 and FB590 when PD = 0 and TPD is 0.0, 0.5, and 1.0 mm. In Figure 1c, the
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box arrows indicate the direction in which the TPD increases. It was concluded that the TPD
plays an important role in determining the weld strength [35].

To investigate the effect of the WS and TRS on the IMC thickness and TSL, the same
experimental results were divided into two groups based on TRS. One group of reclassified
results of experiment was fixed at a WS of 0.1 rpm, and the other group was a WS of
0.15 rpm or more.

Experiments were performed on an FSW machine (Winxen, 22 kN). Pipes are installed
on the chuck and fixture, and were lap-bonded, as shown in Figure 1a. Welding is done
in quadrants, i.e., 90°, instead of full rotation. To observe the structure of the junction, a
rectangular sample was prepared. The tensile test specimen was manufactured according
to the ASTM E8 standard, and TSL was measured using a tensile tester (AGX-X, Shimadzu,
Kyoto, Japan). The size of the specimen for microstructure measurement was selected to
be 20 mm wide and 10 mm long, for hot mounting The specimen was fabricated using
EDM wire (NW570II, Doosan, Changwon, Korea) along a line perpendicular to the welding
direction. The sample that was used to observe the microstructure of the FSW section was
polished with silica sandpaper in a disk grinder and then polished with a diamond cloth.
Weld textures and bonding interfaces between Al and steel were studied using optical
microscopy (KH-8700, HIROX, Tokyo, Japan) and scanning electron microscopy (JSM-6490,
JEOL, Tokyo, Japan).

3. Results and Discussion
3.1. Microstructure Characteristics of Friction Stir Welding (FSW) Joint

Figure 3 shows the optical macrostructure and microstructure of the FSW specimen.
Figure 3a shows the macrostructure of the cross section of the FSWed joint according to the
experimental conditions. The macrostructure in Figure 3a is enlarged. The TMAZ is shown
in Figure 3b and SZ in Figure 3c. The HAZ is shown in Figure 3d, the Al base material
(BM) is shown in Figure 3e, and the IMC region is shown in Figure 3f, respectively. In
Figure 3a, the broken line of the magnification indicates the shape of the tool pin, and the
arrow spacing of the PD indicates the spacing between the outer diameter of A390 cast Al
and the shoulder of the tool. The arrow spacing of the TPD indicates the gap between the
tip of the tool pin and the interlayer at which the inner diameter of A390 Al and the outer
diameter of FB590 HSS meet. The cause of the cavity in Figure 3a is the geometric difference
between the pipe and the plate. Akbari et al. [13] found that the contact characteristics of
the tool and the workpiece were different due to the small radius of curvature of the pipe.
At a PD of 0.1 mm, due to the pipe curvature, the FSW shoulder partially contacts the pipe
and only the inner part makes the shoulder part contact the pipe, forming a tunnel cavity.
Another cause of large cavity is a lack of material. (1) The upper aluminum material under
the influence of process variables is discharged to the outside in the form of flash. (2) The
upper aluminum material moves to fill the gap (gap) on the junction interface of aluminum
and steel. The lack of material due to the above causes created a large internal cavity.

After FSW, there is an SZ around the center of the joint. There is a TMAZ in which
magnitude of grains are increased by plastic flow on the outside of the SZ, and there
is an HAZ that is heat-affected but has no plastic deformation on the outside of TMAZ.
These zones were observed to have a wider region width than the retreat side on the tool’s
advance side (AS). To form a bond as the tool is traversed, material flows around the tool
in a complex flow pattern depending on the tool geometry and process parameters, such as
TRS and WS. Microstructural evolution depends on the change of the welding parameters.
A suitable selection of the process parameters results in good material mixing at the joint
and a sound weld.
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Figure 3. Optical micrographs of the FSW A357 cast alloy and FB590 HSS. (a) Overall cross-sectional
macrostructure; (b) microstructure of the TMAZ; (c) microstructure of the SZ; (d) microstructure of
the HAZ; (e) microstructure of the Albase metal; and (f) microstructure of the IMC [16].

The SZ in Figure 3c produces a fine grain structure, whereas the TMAZ in Figure 3b
has a long grain structure. The SZ region of Figure 3¢ shows finer particles compared to the
TMAZ region and the HAZ region of Figure 3d. In general, the SZ region is also referred
to as a “nugget region” and is believed to be formed by dynamic recrystallization. The
SZ region has a wider width at the top and decreases in the thickness direction. This is
because of the difference in diameter between the shoulder and the pin. In the SZ, a finer
grain was formed compared to other regions. Dynamic recrystallization produced skewed
and elongated grains in TMAZ and fine grains in SZ. The grain boundary orientation is
different in all three regions. The size of the SZ region in Figure 3c is smaller than that
of the BM, and the crystalline grains of the BM disappear. This is in agreement with the
results of Mahto et al. [21], who reported that new crystals were formed and dynamic
recrystallization occurred. The microstructure of TMAZ is shown in Figure 3b. Located
between HAZ and SZ, TMAZ is characterized by a highly deformed structure. It shows an
elongated non-metallic particle morphology with sub-grain coarsening. The grain structure
of the HAZ region, which was not mechanically perturbed by FSW, was generated by static
recrystallization and was similar to the base metal in Figure 3e HAZ is much wider at the
top surface in contact with the shoulder and is narrow as the pin diameter decreases. In Su
et al. [62], the grain size increases in the order of SZ, TMAZ, HAZ, and BM. Therefore, the
microstructure was recrystallized in the FSWed region.
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Figure 4. SEM pictures according to TPD of experiment group A. (a) TPD = 0.0 mm; (b) TPD = 0.5 mm;
and (c¢) TPD = 1.0 mm.

3.2. IMC Thickness Characteristics of FSW Joints

In order to investigate the change in the IMC thickness due to the TPD, the PD is
fixed at 0.0 mm, and changes in the remaining process parameters are considered. First,
the effect on the IMC thickness during FSW according to the TPD of group A with a WS
of 0.1 rpm is investigated. Figure 4 shows the change in the IMC thickness during FSW
according to the TPD in group A as an SEM photograph. Figure 4a shows the IMC average
thickness when the TPD is 0.0 mm in experiment no. 1, Figure 4b shows the IMC average
thickness when the TPD is 0.5 mm in experiment no. 2, and Figure 4c shows the IMC
average thickness at a TPD of 1.0 mm in experiment no. 3. At a TPD of 0.0 mm, the IMC
average thickness is 5.1 pm; at a TPD of 0.5 mm, the IMC average thickness is 3.9 pm; and at
a TPD of 1.0 mm, the IMC average thickness is 3.1 um. It can be seen that the IMC average
thickness decreases as the TPD increases. Next, the effect of the TPD on the IMC average
thickness was investigated in group B with a WS of 0.15 to 0.2 rpm during FSW. Figure 5
shows the change in the IMC average thickness during FSW according to the TPD in group
B as an SEM photograph. Figure 5a—c shows the IMC average thickness of experiment no.
4 with a TPD of 0.0 mm, experiment no. 5 with TPD of 0.5 mm, and an experiment no. 6
with a TPD of 1.0 mm. When the TPD is 0.0 mm, the IMC average thickness is 9.05 um; at a
TPD of 0.5 mm, the IMC average thickness is 6.43 pum; and at a TPD of 1.0 mm, the IMC
average thickness is 5.07 pm. As in group A where the WS is 0.1 rpm, it can be seen that
the IMC average thickness decreases as the TPD increases.

Mabhto et al. [28] reported that the higher the heat input, the thicker the IMC layer
was in the FSLW of AA 6061-T6 and AISI 304 stainless steel, each having a thickness of
1 mm. According to Ogura et al. [63], the nature of the IMC formed during welding is
determined by the combined influence of base materials stirring and thermal conditions.
As the TPD increases, the contact area between the tool and the material increases and the
heat input tends to increase. Another trend is that the flow of material will increase due to
agitation as the TPD increases. Therefore, it can be deduced that the thickness of the IMC
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layer decreases because the effect of the material flow due to agitation is greater than the
increase in the heat input due to the increase of the TPD.

Figure 5. SEM pictures according to TPD of experiment group B. (a) TPD = 0.0 mm; (b) TPD = 0.5 mm;
and (c) TPD = 1.0 mm.

3.3. Characteristics of IMC Thickness and Tensile Shear Load (TSL) According to the Tool
Penetration Depth (TPD)

Table 3 summarizes the IMC thickness and TSL according to the change in TPD and
WSs of 0.1 rpm and 0.15 rpm or more.

Table 3. IMC thickness range and IMC average thickness and TSL on TPD.

Experiment No. 1 2 3 4 5 6
Tool penetration depth (mm) 0.0 0.5 1.0 0.0 0.5 1.0
IMC thickness range (um) 5.80-4.40 4.73-3.13 4.53-2.60 10.44-7.65 9.05-3.80 6.00-4.13
IMC average thickness (pm) 5.04 3.93 3.56 9.05 6.43 5.07
Tensile shear load (N) [16] 2677.21 860.50 2034.83 807.35 1779.25 1984.72

Figure 6 compares the differences between the two groups with changes in the IMC
average thickness according to TPD in group A with a WS of 0.1 rpm and group B with
a WS of 0.15 to 0.2 rpm. In Figure 6, group A of experiments no. 1, no. 2, and no. 3 is
indicated by a solid line to represent the IMC average thickness change according to the
TPD and a WS of 0.1 rpm. It shows a gradual decrease in the IMC average thickness as
TPD increases from 0.0 mm to 1.0 mm. In Figure 6, group B of experiments no. 4, no. 5, and
no. 6 are indicated by broken lines to represent the IMC average thickness change at WS
values of 0.15 and 0.2 rpm. It shows a gradual decrease in the IMC average thickness as
the TPD increases from 0.0 mm to 1.0 mm. It can be seen that the IMC average thickness
gradually decreased as TPD increased from 0.0 mm to 1.0 mm, regardless of the influence
of WS and other process parameters.
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IMC thickness on tool penetration depth
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Figure 6. IMC thickness comparison according to TPD for experiment groups A and B.

In addition, it can be seen that the IMC average thickness increases as the WS increases
at the same TPD. This is consistent with the experimental results reported by Shen et al. [34].
IMC at the Fe—-Al interface decreases with increasing TPD during the FSLW of 2.2-mm-thick
AA5754 Al and 2.5-mm-thick DP600 dual-phase steel. However, their results did not
provide quantitative results for IMC thickness increase. Mahto et al. [35] performed FSLW
between 0.0 mm and 0.3 mm with a pin depth (PLD) of 0.1 mm spacing on 1-mm-thick
dissimilar materials AA6061-T6 and AISI304. It is said that the IMC thickness increases as
the PLD increases. This is the result of changing the TPD in the narrow range of 0-0.3 mm,
and it appears to be different from the current wide region, where the TPD is changed
between 0.0 and 1.0 mm. In the study reported by Liu et al. [25], it was proposed that the
IMC thickness decreased with the increase of the WS and the increase of the tool offset.
In this study, the influence of TPD was dominant, showing the opposite trend. From the
experimental results, as the TPD increases, the material fluidity increases and the IMC
thickness decreases. This is because the effect of TPD is more dominant on material flow
than on heat input.

Figure 7 shows graphs of the variation of the TSL with TPD.

In Figure 7, group A of experiments no. 1, no. 2, and no. 3 is indicated by a dash-dotted
line to represent the changes in the TSL with the TSL and a WS value of 0.1 rpm. As TPL
increases from 0.0 mm to 1.0 mm, it can be seen that the TSL decreases up to a TPD value
of 0.5 mm, and TPD increases above 0.5 mm. In Figure 7, group B of experiments no. 4,
no. 5, and no. 6 are indicated by dash-double dotted lines to represent the changes in the
TSL for WS values of 0.15 and 0. 2 rpm. It shows a gradual increase in the IMC average
thickness as the TPD increases from 0.0 mm to 1.0 mm. It can be seen that the IMC average
thickness gradually decreased as TPD increased from 0.0 mm to 1.0 mm, regardless of
the influence of WS and other process parameters. As TPD increases, TSL decreases to
TPD = 0.5 mm at a WS of 0.1 rpm. At the WS of 0.1 rpm, the TPD increases over 0.5 mm,
and at the WS of 0.15 and 0.2 rpm, the TPD increases over the entire region. In the study of
TSL according to TPD, Lee et al. [52] reported that the TSL increased as the TPD increased,
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but this result is due to the difference between FSSW and this study, which has a large
initial thermal effect. In order to increase the TSL according to TPD, a WS above a certain
speed was not proposed. Shen et al. [34] reported that the TSL decreased and increased
with increasing TPD. Contrary to the results of this study, this results from an inability to
distinguish between the mutual effects of TPD and PD.

Tensile shear load on tool penetration depth
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Figure 7. Comparison of TSL with TPD for experiment groups A and B [16].

In Figures 6 and 7, as TPD increases at a WS of 0.1 rpm, the IMC average thickness
decreases and TSL decreases until TPD = 0.5 mm. In Figure 8, it can be seen that the IMC
average thickness decreases and the TSL increases at TPD = 0.5 mm or more as the TPD
increases at the WS of 0.1 rpm. When WS varies from 0.15-0.2 rpm, the IMC average
thickness decreases and TSL increases as TPD increases in all regions. Picot et al. [54]
used the process parameters of the rotational speed and translational speed of the tool in
FSLW of stainless steel 316L and Al alloy 5083 and reported that the TSL decreased with
increasing IMC average thickness. Helal et al. [55] used the process parameters of TRS, WS,
and tool offset in FSLW of 6061-T6 Al alloy and ultra-low carbon steel and reported that
as the IMC average thickness increases, TSL decreases. Kimapong et al. [53] reported that
TSL decreased with increasing IMC average thickness using welding parameters such as
rotational speed, traversing speed of 0.4 to 1.43 mm/s, and a pin depth in FSLW of A5083
Al alloy and S5400 steel. In previous studies, it was reported that the TSL increased with
decreasing IMC average thickness. As WS varies from 0.15-0.2 rpm, it was consistent with
the research results of previous researchers. However, at the low WS of 0.1 rpm, for a TPD

value up to 0.5 mm, the IMC average thickness decreased as the TPD increased, but the
TSL decreased.
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Figure 8. Comparison of IMC thickness for different TRSs of experiment groups A and B.

3.4. Characteristics of IMC Thickness and TSL According to TRS

Table 4 summarizes the IMC thickness and TSL according to the change in the TPD
and for WS values of 0.1 rpm and 0.15 rpm or more. Figure 8 shows the relationship
between the IMC thickness and TSL according to the change in the TRS.

Table 4. IMC thickness range and thickness average and TSL on TRS.

Experiment No. 2 1 3 6 5 4
Tool rotational speed (rpm) 1700 1800 1900 1700 1800 1900
IMC thickness range (um) 4.73-3.13 5.80-4.40 4.53-2.60 6.00-4.13 9.05-3.80 10.44-7.65
IMC average thickness (pm) 3.93 5.04 3.56 5.07 6.43 9.05
Tensile shear load (N) [16] 860.50 2677.21 2034.83 1984.72 1779.25 807.35

Figure 8 compares the differences between the two groups in terms of the change
in the IMC thickness according to TRS in group A with a WS of 0.1 rpm and group B
with a WS of 0.15 to 0.2 rpm. In Figure 8, group A of experiments no. 1, no. 2, and
no. 3 is indicated by a solid line to represent the changes in the IMC average thickness
change according to TRS and a WS of 0.1 rpm. As TRS increases, it can be seen that the
IMC average thickness increases up to TRS of 1800 mm and decreases when TRS exceeds
1800 mm. In group B of experiments no. 4, no. 5, and no. 6 in Figure 8, at WS values of 0.15
and 0.2 rpm, the variation in the IMC average thickness according to TRS is indicated by
broken lines. It shows a gradual increase in the IMC average thickness as TRS increases
from 1700-1900 rpm. When TRS is increased from 1700-1900 rpm, the tendency of the IMC
average thickness change is different according to the effect of WS. As TRS increased, the
IMC average thickness decreased for a WS value of 0.1 rpm and when TRS of 1800 rpm
or more. When WS was 0.1 rpm, TRS was 1800 rpm or less, and when WS was 0.15 and
0.2 rpm, it showed an increase over the entire range of TRS.
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In the study by Kundu et al. [51], the IMC thickness increased with increasing TRS.
These results do not indicate conditions for WS above a certain speed. Wan et al. [25] and
Das et al. [51] simultaneously studied the increase in the IMC thickness according to the
increase of TRS, and the decrease in the IMC thickness according to the increase in WS.
However, their study also did not report that the IMC thickness increased with increasing
TRS at WS above a certain speed.

Figure 9 is a graph showing the relationship between the TSL and TRS. In the figure,
group A of experiments no. 2, no. 1, and no. 3 is indicated by a dash-dotted line to represent
the TSL change according to TRS at WS of 0.1 rpm.

Tensile shear load on tool rotational speed
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Figure 9. Comparison of TSL with TRS for experiment groups A and B [16].

As TRS increases from 1700 rpm to 1900 rpm, it can be seen that the TSL increases up
to a TRS of 1800 rpm, and TSL decreases for a TRS of 1800 or more. In Figure 9, group B of
experiments no. 4, no. 5, and no. 6 is indicated by dash-double dotted lines to represent the
change in the TSL according to TRS at WS values of 0.15 and 0.2 rpm. As the TRS increases
from 1700 rpm to 1900 rpm, the TSL shows a gradual decrease. When TRS is increased
from 1700 to 1900 rpm, the tendency for the change in TSL differs according to the effect of
WS. As TRS increased at the WS of 0.1 rpm, the TSL increased up to TRS of 1800 rpm. It
shows that as TRS increases at the WS of 0.1 rpm, the TSL decreases over the entire range
of TRS when TRS is over 1800 rpm and at WS values of 0.15 and 0.2 rpm.

With respect to the TSL and TRS, Kimapong et al. [53] stated that the TSL decreased
with increasing TRS. Their study also did not consider the effect of WS on specific regions.
In this study, as in the study by Kimapong et al. [53], the TSL decreased as TRS increased at
a WS of 0.15 to 0.2 rpm. However, it was found that the TSL increased as TRS increased at
the WS of 0.1 rpm and when TRS was 1800 rpm or less.

In Figures 8 and 9, at a WS of 0.1 rpm and below TRS of 1800 rpm, the IMC average
thickness increases and the TSL increases as TRS increases. At a WS of 0.1 rpm, if TRS
is 1800 rpm or more, the IMC average thickness decreases and the TSL decreases as TRS
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increases. When WS ranges from 0.15 to 0.2 rpm, the IMC average thickness decreases and
TSL decreases as TRS increases in all regions.

Picot et al. [54] used the process parameters of the rotational speed and translational
speed of the tool in the FSLW of stainless steel 316L and Al alloy 5083 and reported that
the shear strength decreased with increasing IMC average thickness. Helal et al. [55]
used the process parameters of TRS, WS, and tool offset in FSLW of 6061-T6 Al alloy
and ultra-low carbon steel and reported that as the IMC average thickness increases, TSL
decreases. Kimapong et al. [53] reported that the shear strength decreased with increasing
IMC thickness using welding parameters such as the rotational speed, traversing speed of
0.4 to 1.43 mm/s, and a pin depth in FSLW of A5083 Al alloy and SS400 steel.

In previous studies, it was reported that the TSL increased with decreasing IMC
average thickness. At the WS of 0.15-0.2 rpm, it was consistent with the research results
of previous researchers. However, as TRS increased in all regions of TRS at a low WS of
0.1 rpm, the TSL increased as the IMC average thickness increased, and the TSL decreased
as the IMC average thickness decreased. Many studies have been done to determine the
relationship between the other process parameters and the IMC thickness. A study by Liu
et al. [25] indicated that the IMC thickness decreased as the WS increased and the tool
offset increased. However, their study results also reported a decrease in the IMC thickness
with an increase in the tool offset but did not provide a condition for the WS over a specific
speed. Dehghani et al. [29] showed that the IMC thickness increased with increasing PD.

In addition, when the WS was constant, the effect of the TPD was greater than the
rotational speed of the tool. This is consistent with the fact that according to the results of
this study, the effect of the TPD is dominant. Many studies have also been done to assess the
maximum size criterion of the IMC thickness for strength [25,36,46,47]. Jamshidi et al. [36]
recommended a critically reactive layer of IMC as thin as 1-2 um for strong bond strength,
as a thicker layer of IMC lowers the TSL and increases the hardness while reducing the
bond ductility. However, even if it is thinner than this dimension, the mechanical properties
of the joint are said to be improved. Liu et al. [25] reported that the maximum thickness of
the IMC at the butt joint of AA6061-T6 and 780/800 trip steel was 1 um, which was low
enough for good weld strength. Movahedi et al. [46] reported that the presence of IMC in
FSLW between Al-5083 and St-12 improves the weld strength when the thickness is less
than 2 um. Meanwhile, Sepold et al. [47] showed that excellent mechanical properties could
be obtained by minimizing the thickness of the IMC layer to 10 um or less. In this study;
a region with an average IMC thickness of 3.42 to 9.05 um was obtained over the entire
region. In general, the type, size, and amount of IMC formation depends on the input heat,
which is controlled by the welding process parameters. An increase in rotational speed and
friction time is expected to increase the heat input. Jamshidi et al. [36] also reported that a
larger amount of IMC should be formed because the amount of heat input increases with
TPD. Dehghani et al. [29] reported that as the PD increased, the interaction between the
shoulder and the workpiece increased and the frictional heat was generated more so that
the material was sufficiently plasticized, and the material movement around the tool pin
was promoted, resulting in higher heat generation.

This study differs from previous studies in that the IMC thickness increases because
of the increase in heat input as the PD and TPD increase. It is estimated that the increase
in the friction amount with the increase of the TPD leads to an increase in the amount of
heat input. However, in the mechanism according to TPD, flow phenomena other than
the heat input appear to act as a more dominant factor than the increase in heat input
according to TPD. Therefore, it can be estimated that the thickness of the IMC is reduced.
Therefore, these results differ from the experimental results of the one factor at a time, in
which the effects of PD and TPD were not tested together. Previous studies have shown
that the thickness of the IMC increases with increasing TRS. In this study, it was confirmed
that the thickness of IMC decreased as TRS increased at a WS value of 0.1 rpm and a TRS
of 1800 rpm or higher. In a previous study, the IMC thickness decreased with increasing
WS. In this study, the IMC thickness increased with increasing WS. Based on the results
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obtained, it can be seen that the effect of TPD is a significant factor in the reduction of the
IMC thickness.

4. Conclusions

In this study, the following major results were obtained by studying the characteristics
of the TSL and IMC thickness according to TPD and TRS in FSLW for dissimilar Al and
steel pipe.

1. Asaresult of observing the structural change of the cross section after FSW, the average
thickness of the IMC layer at the interface between aluminum and steel in the microstruc-
ture ranged from 3.4 to 9.05 um, and the formation of the IMC layer was observed.

2. As TPD increased, the average thickness of IMC decreased and TSL increased in the
entire experimental area except for the area where TSL decreased at TPD = 0.5 mm or
less when WS was 0.1 rpm.

3. When WS was 0.1 rpm, TSL increased with increasing IMC thickness at TRS below
1800 rpm, and TSL decreased with decreasing IMC thickness at TRS above 1800 rpm. TSL
decreased with increasing IMC thickness as TRS increased when WS was above 0.15 rpm.

4. TPD is the dominant factor in the change in size of IMC thickness, and IMC thick-
ness decreases with increasing TPD. TSL increases with decreasing IMC thickness.
However, at low WS, when TRS is increased, TSL is affected by TPD, and when TPD
increased, TSL was affected by TRS.

These results indicate that TPD, IMC thickness, and TSL were directly related, except
for in certain areas with low WS. It is assumed that the increase or decrease of TSL in this
region is determined by the relative superiority of heat input and material flow.

Therefore, in order to increase the mechanical properties in the FSLW of aluminum
and steel for high-rigidity parts, the TPD should be deepened in the weld area where
the WS is not high. A suitable TPD should therefore be considered along with tool wear,
and continuous material development and the selection of an optimized TPD will play an
important role in future dissimilar FSLW.
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Abstract: In the current study, solid-state additive manufacturing (SSAM) of two temper conditions
AA2011 was successfully conducted using the friction stir deposition (FSD) process. The AA2011-
T6 and AA2011-O consumable bars of 20 mm diameter were used as a feeding material against
AA5083 substrate. The effect of the rotation rate and feeding speed of the consumable bars on the
macrostructure, microstructure, and hardness of the friction stir deposited (FSD) materials were
examined. The AA2011-T6 bars were deposited at a constant rotation rate of 1200 rpm and different
feeding speeds of 3, 6, and 9 mm/min, whereas the AA2011-O bars were deposited at a constant
rotation rate of 200 mm/min and varied feeding speeds of 1, 2, and 3 mm/min. The obtained
microstructure was investigated using an optical microscope and scanning electron microscope
equipped with EDS analysis to evaluate microstructural features. Hardness was also assessed as
average values and maps. The results showed that this new technique succeeded in producing sound
additive manufactured parts at all the applied processing parameters. The microstructures of the
additive manufactured parts showed equiaxed refined grains compared to the coarse grain of the
starting materials. The detected intermetallics in AA2011 alloy are mainly Al,Cu and Al;CuyFe. The
improvement in hardness of AA2011-O AMPs reached 163% of the starting material hardness at
the applied feeding speed of 1 mm/min. The hardness mapping analysis reveals a homogeneous
hardness profile along the building direction. Finally, it can be said that the temper conditions of the
starting AA2011 materials govern the selection of the processing parameters in terms of rotation rate
and feeding speed and affects the properties of the produced additive manufactured parts in terms
of hardness and microstructural features.

Keywords: friction stir deposition; solid-state additive manufacturing; AA2011-T6 and AA2011-O;
AA2011 aluminum alloy; microstructure; intermetallics; hardness

1. Introduction

Additive manufacturing (AM) is a promising technology in numerous engineering ap-
plications. It involves the fabrication of various 3D objects by adding layer by layer material
(alloy, plastic, concrete, human tissue, etc.) regardless of any size and shape [1,2]. Fusion-
based additive manufacturing (F-BAM) techniques are used for different alloys [3]. Still,
they are not suitable for aluminum-based alloys, especially the heat-treatable alloys (2xxx
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and 7xxx), due to their sensitivity to porosity formation, liquation cracking, segregation,
solidification cracking, and anisotropic microstructure [2,4]. In contrast, friction stir depo-
sition (FSD) is solid-state additive manufacturing (5-SAM) technique that can be used to
deposit metals and composites [5,6]. The main advantage of the FSD as a solid-state process
is that it can eliminate all problems of melting and solidification, and also, the feed material
is mainly rods or wire without a need for special specifications of the used feed material.
Most of the current works today are carried out on AM of aluminum-based alloys using a
S-SAM technique [1,7,8]. In recent years, there has been increasing interest in utilizing FSD
in many applications. This technique can be used for many purposes, including additive
manufacturing [1,9-11], surface protection [11-13], and repair of defective components [6].
Thus, it can be said that the FSD-based AM is considered a new innovative approach to
AM for building 3D parts ultimately in a solid state. The main processing parameters are
the rotation rate, feeding speed, downward force, consumable rod material, and substrate
material. These parameters govern the heat input and material flow processes. In the FSD
process, the final build part’s height depends on the layer thickness and the total number
of assembly layers. Moreover, the modifications in the geometry of the building design can
obtain manufacturing parts with different geometries [1,5]. Thus, the final FSD product is a
near-net-shape with enhanced microstructure and isotropic mechanical properties [2,4,14].
Low porosity and low residual stress are the main privileges of the as-deposited part; this
will make post-processing heat treatment unnecessary in many cases. However, surface
finishing will usually be required [15-17]. Boeing and Airbus companies are considered the
first use of additive manufacturing (AM) based on FSW principles [10,18,19]. Meanwhile,
Airbus [20] presented the capability of achieving lightweight/low-cost structure parts by
manufacturing 2050 Al-Li wing ribs by the FSAM process. Boeing assessed this process as
a pre-form fabricating tool for manufacturing energy-efficient structures [10,21,22]. In addi-
tion to the capability of the FSD technique to generate material builds of high-performance
structures, it is considered an energy and cost-saving process [10,23]. Elfishawy et al. [24]
studied the possibility of multi-layers formation of die-cast Al-Si via FSD at the spindle
rotation rate of 1200 rpm and different feeding speeds from 3 to 5 mm/min. The results
showed sound structure with recrystallized refined grains. Therefore, from a scientific
and technological point of view, it is of great importance to study how FSD works for
additive manufacturing parts (AMPs) production in heat-treatable aluminum alloys. Al-
though AA2011 is used extensively in aerospace and automotive components, there is a
lack of publications discussing the applicability of AA2011 fabrication using FSD. Thus, the
current work intends to explore the effect of the initial material conditions of AA2011 alloys
on the properties and microstructures of the final produced AMPs. Three levels of feeding
speeds of 3, 6, and 9 mm/min were associated with a high rotation rate of 1200 rpm/min
to friction stir deposit AA2011-T6, and three other feeding speeds of 1, 2, and 3 mm/min
were chosen with a low rotation rate of 200 rpm/min to deposit AA2011-O.

This study aims to study the effect of the consumable rod alloy temper condition
on the behavior of the FSD process in terms of the parameters suitable for each temper
condition as well as the properties of the AMPs.

2. Materials and Methods

To study the effect of the temper condition of AA2011 alloy on the properties of the
produced AMPs, two groups of specimens, AA2011-T6 and AA2011-O, were used as con-
sumable bars against a substrate of AA5083 alloy. The nominal chemical composition of
AA2011 is given in Table 1. The annealing process for the as-received was carried out at 415 °C
for 2.5 h followed by slow furnace cooling to the room temperature. Figure 1 illustrates the
Cu-rich portion of the Al-Cu binary phase diagram with the annealing temperature range
indicated [25,26].
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Table 1. Chemical composition of AA2011 aluminum alloy (in wt.%).

Cu Fe Si Ti Zn Bi Pb Ni Mn Bal.
5.60 0.72 0.40 0.35 0.30 0.25 0.20 0.02 0.05 Al
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Figure 1. A sketch for the Cu-rich portion of the Al-Cu binary phase diagram with the annealing
temperature range indicated.

For comparison, three deposited materials were manufactured from each group of
the AA2011-T6 and AA2011-O rods. The FSAM was carried out using the friction stir
welding / processing machine (EG-FSW-M1) (Suez University, Suez, Egypt) [27,28]. Table 2
summarizes the deposition process parameters of both Al alloys.

Table 2. Consumable rod dimensions and FSD processing parameters.

Consumable Rod FSD Parameters
Initial Rod Rotation Feeding Speeds
Material Length Diameter Rate & °P
(mm/min)
(mm) (mm) (rpm)
AA2011-T6 200 20 1200 3 6 9
AA2011-O 110 20 200 1 2 3

The consumable aluminum rods are fixed using the machine shank to ensure the
complete fixation of the rods throughout the process; Figure 2 shows a photograph of
the actual AM process applied to AA2011. The additive manufacturing (AM) process
involves three steps: fixing the consumable Al rod in the spindle shank (Figure 2a) and
rotating it at a constant rotation rate while moving downward to reach the substrate material
(Figure 2b). Finally, under a continuous feeding speed, the rod plastically deformed due to
the high friction and the generated heat between the rod and the substrate that causes the
material to transfer from the consumable bar to the substrate to build a material upwards.
This process may continue until all the rod length is consumed and became insufficient
for more deposition. The shape of the consumed tool tends to form a conical shape, as
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shown in Figure 2c. For AA2011-T6 group specimens, careful processing parameters were
selected based on our experience in the field and the published data [24,29] to produce
additive manufacturing parts. The required heat input to friction stir deposit such a hard
material limits the process parameters to be 1200 rpm as a spindle rotation rate with 3, 6,
and 9 mm/min feeding speeds. For the AA2011-O group specimens, experiments start
with shortening each of the three specimens to 110 mm in length. Of this length, 70 mm
of the total length was consumed as a fixing base of the rod inside the shank to ensure
tight gripping and prevent rod deflection during the deposition process, and 40 mm was
functional during the process of friction deposition. Less heat input is needed to deposit
this soft material; that is why after many trials, the optimum process parameters obtained
were a 200 rpm spindle rotation rate and feeding speeds of 1, 2, and 3 mm/min. Figure 2d,e
show schematic drawings of the AMP sections showing hardness measurement points, and
the second half of AMP shows the specimens cut for OM and SEM examinations, respectively.

EE =
Deposited
AMP

Hardness OM SEM and EDS
measurements specimen specimen

\
() \ /
AMP sraanlonns, areendunnn, AMP

Building direction

Substrate Substrate

Figure 2. Photographs for the stages of the FSD process: (a) Fixing the AA2011 consumable rod and
substrate AA5083 on the FSW /FSP machine, (b) feeding process during the FSD showing the building
up of the part, and (c) the end of the deposition process for the additive manufacturing part (AMP).
(d) and (e) are schematic drawings of the AMP sections showing hardness measurement points, and
the second half of AMP shows the specimens cut for OM and SEM examinations, respectively.

Additive manufacturing parts (AMPs) have been sectioned vertically along the build-
ing direction (z-direction). The deposited layers were oriented perpendicular to the spec-
imen axis/loading direction. The longitudinal sections were prepared according to the
standard metallographic procedures by grinding up to 0.05 um alumina polishing surface
finish. The polished sections were investigated using an optical microscope (Olympus,
BX41M-LED, Tokyo, Japan) after etching according to ATSM standard E407 using Keller’s
etchant of the chemical composition of 100 mL distilled water and 3 mL hydrofluoric acid.
Microstructural examinations of the AMPs were also carried out using a scanning electron
microscope (SEM, FEI, Hillisboro, OR, USA). SEM examination was carried out on the
long-transverse sections of the cylindrical friction deposits using secondary electron (SE)
imaging modes. Moreover, the grain size of all AM specimens and the base metal have
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been analyzed by the grain interception method using Olympus Stream Motion Software.
A Vickers Hardness Tester (Qness Q10, GmbH, Golling, Austria) with 0.2 kg load and
15 s dwell time was used to evaluate the average hardness of the starting and the AMPs.
This test was carried out according to ASTM E92 by measuring twelve readings at least
for each AM specimen on the longitudinal sections of the cylindrical friction deposits. The
hardness maps were also drawn by collecting four horizontal (perpendicular to building
direction) lines and five vertical lines measurements across the AMPs. The free space
between any two indentations was 2 mm.

3. Results and Discussions
3.1. Fabrication of AMPs

For conducting the friction stir deposition and forming the AMPs, the axis of the
consumable rod is positioned exactly in the center of the square-shaped substrate to ensure
the symmetry and homogeneity of heat dissipation through the substrate. Preliminary
tests have been carried out to view the behavior of the rod to avoid buckling, physical
discontinuities, or other defects of the rod and ensure the build of the part. Based on these
preliminary tests, the rotation speeds, feed rate, and length of the consumable rod have
been chosen. In addition, the length of the consumable rod out of the shank holder is
varied with the temper condition, as the soft alloy tends to buckle easier than the hard alloy
that allows more length to be used.

The rubbing between the two surfaces during the rotation and feeding speed of the
consumable rod generates frictional heat, which softens the rod’s rubbing end, causing
plasticized material at the abutting ends. As the process continues, more plasticized
material is built up [14,15]. As the required plasticized material thickness is gained, the
rotating consumable rod is stopped and withdrawn; this process promotes a deposited
layer on the substrate due to torsional shear. Figure 3 illustrates the remains of AA2011-T6
and AA2011-O consumable rods and their AMPs. Figure 3a—c shows the produced AA2011-
T6 AMPs fabricated at a constant rotation rate of 1200 rpm at different feeding speeds of
3, 6, and 9 mm/min, respectively. For the AA2011-O specimens, the consumable rods of
AA2011-O are softer than the AA2011-T6 rods. Therefore, the energy required to soften
the AA2011-O consumable rod is lower than that needed for softening the AA2011-T6
one [30]. Thus, the AM process was conducted after many trials at a constant rotation
rate of 200 rpm and various feeding speeds of 1, 2, and 3 mm/min, as shown in Figure
3d—f, respectively. It should be remarked that the higher feeding speeds of 9 mm/min and
3 mm/min at the rotational rates of 1200 and 200 rpm, respectively, are not recommended
to fabricated AMPs of AA2011 alloys, where it is not easy to build continuous multi-layers
upward to specific height and diameter. The increase in heat input due to an increase in
feeding speed over the optimum condition also produces excessive flash around the AMPs,
as given in Figure 3c for AA2011-T6 AMP and Figure 3f for AA2011-O AMP. Thus, it was
noted that the conical shape at the end of the consumable rods after finishing the FSD
process is flattened in a thin thickness, where the other materials are transferred to flash
around the fabricated AMPs.
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Figure 3. Optical images for the AMPs using FSD and their rods counterparts that remain after
obtaining the required part length. AA2011-T6 AMPs processed at 1200 rpm and feeding speeds:
(a) 3 mm/min, (b) 6 mm/min, and (c¢) 9 mm/min. The AA2011-O AMPs processed at 200 rpm and
feeding speeds: (d) 1 mm/min, (e) 2 mm/min, and (f) 3 mm/min.

3.2. Macrostructure Examination

Figure 4 illustrates (a) a macrograph of an example of the produced AMP and (b)
the AMPs Diameters/Height (D/H) Ratio as a function of the processing feed speed.
The visual inspection of the deposit showed that there is significant flash produced from
the deposit, which was restacked to the consumable rod. This may be an indication for
an overfed condition, in which the feeding speed for the feedstock consumable material
is slightly high [16,29]. The possible decrease of the input material feeding speed would
mitigate the generation of this produced excess flash. The generation of excessive flash
may require post-processing if the geometric accuracy of the final product is sensitive [4].
The macrostructure cross-sections of the produced AMPs show fully continuous dense
structures (Figure 3a) without any physical discontinuities or bonding defects at the layer
interfaces, indicating the judicious choice of the processing parameters for the AA2011-T6
and AA2011-O aluminum alloys. It can be seen that the D/H of the produced AMPs
increases with increasing feeding speed at constant rotation rate for both the AA2011-T6
and the AA2011-O starting materials, as given in Figure 3b. The AA2011 material plasticity
during the FSD process is controlled by the amount of heat input introduced in the vortex
zone through the AMPs material building from down to up. This phenomenon appears
clearly in the AMP geometry based on the applied processing parameters [24].
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Figure 4. (a) The transverse cross-section macrograph for the AMP with the substrate with the
building direction and the interface are indicated for the AMP at a constant rotational spindle rate of
1200 rpm and 6 mm/min feeding speeds, (b) AMPs Diameters/Height Ratio against feeding speed
for all AMPs produced using the different temper conditions and different processing parameters.

3.3. Microstructure Examination

FSD as a thermomechanical process is similar to friction stir welding (FSW) [29-32]
and processing (FSP) [28] in heat generation, heat dissipation, and heat transfer mechanisms
in the stir zone [33-35]. In the AA2011 AMPs, the heat is generated by dynamic contact
friction (DCF) between the consumable tool and AA5083 substrate material. Then, it causes
severe plastic deformation of the AA2011 material under the applied downward force and
transfers it to continuous build by material flow during the stir deposition process. FSW
and FSP generate localized grain refinement in the whole nugget zone (NZ) behind the
rotating pin tool. The FSD material is analogous to the NZ in FSW and FSP [17,36]. It was
found that the presence of a refined, equiaxed grain structure engaged with the formation
of high-angle grain boundaries is an indication of the dynamic recrystallization in FSW of
AA2219-T8 [9] and FSP of AA2024/Al,O3 nanocomposite [28].

Moreover, Rutherford et al. [9] reported that the reduction in the average volume
fraction and size of the intermetallic particles could also be attributed to the severe plastic
deformation of the FSD process. Figure 5 shows the optical micrographs of the initial
conditions of AA2011 alloys. The microstructure of the AA2011-T6 alloy shows coarse
grains as well as the presence of intermetallics in different shapes: rod-like (R), irregular
(I), spherical (S), and almost spherical (A-S), as shown in Figure 5a,c. The microstructure
grain size in Figure 5c ranges from 30 = 3 um to 150 & 2 um with an average grain size of
45 £ 8 um. [37], whereas the microstructure of the AA2011-O rod alloy shows a relatively
smaller grain size (Figure 5b,d) than the AA2011-T6 alloy’s grain size. The grain size
ranged from 8 & 2 to 75 & 3 um with an average grain size of 16 & 4 um. Furthermore, the
annealing process causes coarsening of the second phase precipitates compared with the
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AA2011-T6 material, transferring their shape from the rod-like shape (Figure 5c) to more
spheroidal-shaped precipitates (Figure 5d).

Figure 5. Low and high-magnification optical micrographs of the different temper conditions base
material: (a,c) AA2011-T6 and (b,d) AA2011-O.

3.3.1. AMPs Parts Produced from AA2011-T6 Alloy

The friction-based processes contribute to the increase of temperature of the material
in the stirring zone to the temperature range between 60% and 90% of the melting point of
the processed material, which is high enough for the recrystallization during the intensive
plastic deformation through the solid-state deposition process [38,39]. Figure 6 represents
the microstructures of the AA2011-T6 (Figure 6a) and the AMPs deposited at 1200 rpm
spindle rotation rate and different feeding speeds of 3 mm/min (Figure 6b), 6 mm/min
(Figure 6c), and 9 mm/min (Figure 6d). It can be seen that the coarse grain structure and
precipitates of the AA2011-T6 are refined with the applied FSD process parameters at
feed speeds of 3, 6, and 9 m/min. The mean measured grain sizes of AA2011-T6 AMPs
were 2.9 £ 0.3, 5.3 £ 0.4, and 11.8 £ 0.5 um at feeding speeds of 3, 6, and 9 mm/min,
respectively. It can be said that the reduction in grain size of AMPs deposited at 3, 6, and
9 mm/min feeding speeds reaches the values of 95.3%, 91.5%, and 82.25%, respectively,
compared to the grain size of the AA2011-T6 initial material (62 & 4 pm). The same results
of very fine grains and refined second-phase particles are obtained by Dilip et al. [40] for
the multi-layer friction deposits of AA2014-T6 (Al-Cu-Mg-5i alloy system). Consequently,
the produced AMPs materials undergo continuous dynamic recrystallization and develop
very fine equiaxed grains and refined precipitates [3,41]. In addition, Rutherford et al. [9]
reported a significant reduction in the intermetallic particles and grain size after FSD
processing of AA6061.

3.3.2. AMPs Parts Produced from AA2011-O

Figure 7 represents the microstructures of the AA2011-O (Figure 7a) and the AMPs de-
posited at 200 rpm spindle rotation rate and different feeding speeds of 1 mm/min (Figure 7b),
2 mm/min (Figure 7c), and 3 mm/min (Figure 7d). A homogenous fine equiaxed structure
has been noticed in all conditions due to the stirring of the grains accompanied with dynamic
recrystallization during the additive friction-based process [11,20,42]. The mean grain sizes of
AA2011-O AMPs were 0.84 =+ 0.05, 0.88 £ 0.06, and 0.94 £ 0.08 um at feeding speeds 1, 2, and
3 mm/min, respectively. It can be reported that the reduction in grain size of AMPs after FSD
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reaches not less than the value of ~98% compared to the grain size of the AA2011-O as-received
material (48 &+ 4 um) without any significant difference between the applied feeding speeds.

Figure 6. Optical microstructures of the as-received AA2011-T6 (a), and AMPs produced t at a rotation
rate of 1200 rpm and different feeding speeds of (b) 3 mm/min, (¢) 6 mm/min, and (d) 9 mm/min.

Figure 7. Optical microstructures of the as-received AA2011-O (a) and AMPs produced from AA2011-
O at a rotation rate of 200 rpm and different feeding speeds of (b) 1 mm/min, (c) 2 mm/min, and (d)
3 mm/min.

95



Materials 2021, 14, 6396

SEM was used to examine the present intermetallic precipitates of the as-received
AA2011-T6 rod and the friction stir deposited materials at different conditions. Copper is
the principal alloying element in AA2011 (Al-Cu alloys). However, other minor alloying
elements (Fe, Ti, Zn, and Pb with traces of Ni, Si, and Mn) can also be specified as given
in Table 1. During work hardening, an intermetallic phase (Al,Cu) is precipitated from a
supersaturated solid solution. This intermetallic is crystallographically coherent with the
Al matrix. Its fine dispersion improves the hardness and strength of the alloy [43]. The non-
deformable second-phase precipitates initially present in the base material AA2011 have
been fragmented into a smaller size and got uniformly distributed due to the severe plastic
deformation involved in the FSD process; see Figure 8. This fragmentation phenomenon is
expected in the stir zone of the friction stir welded materials [28,44] and the friction stir
deposited materials [6,10,24].

Figure 8. Low and high-magnification SEM micrographs of (a,b) AA2011-T6 base alloy, (c,d) FSDed
of AA2011-T6 at 1200 rpm—3 mm/min, (e,f) FSDed AA2011-T6 at 1200 rpm—6 mm/min, and
(g/h) FSDed AA2011-O at 200 rpm—1 mm/min.
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The fragmentation of the intermetallics may produce different shapes and sizes.
The dispersion of micro and nanoparticles in the aluminum matrix affects the mechanical
properties of the AMPs [45—47]. Figure 8 shows low and high magnification SEM micro-
graphs of (a) and (b) AA2011-T6 base alloy (c) and (d) FSDed of AA2011-T6 at 1200 rpm-3
mm/min, (e) and (f) FSDed AA2011-T6 at 1200 rpm—6 mm/min, and (g) and (h) FSDed
AA2011-O at 200 rpm—1 mm/min. The effect of the stirring process on the fragmentation
and distribution of the intermetallic phases can be seen in (Figure 8c-h) compared with the
AA2011-T6 base material (Figure 8a,b). Only two types of precipitates were detected in
the base material and AMPs; see Figure 9. The EDS analyses of these precipitates are the
rod-like shape (R) Al7Cu2Fe (spot 1 analysis in base material; Figure 8b and represented in
Figure 9a) and the Al2Cu phase presents in different shapes given the same EDS analyses
Figure 9b. These shapes are spherical (S, spot 2 in Figure 8b), small dots (5-D, spot 3 in
AMP produced at 1200 rpm and 3 mm/min; Figure 8d), and almost spherical (A-S, spot 4
in AMP produced at 200 rpm and 1 mm/min; Figure 8g). The detected precipitates for both
as-received materials and AMPs are consistent with that reported in the literature [37,43].
It can be remarked that the intermetallics are bonded well with the Al matrix for the
as-received materials, as shown in Figure 8a,b. Hence, there is no pull-out detected after
the grinding and polishing processes. The pull-out of intermetallics is detected for all
the AMPs after grinding and polishing (Figure 8c—f). This indicates the weak bond at the
interface between the dispersed intermetallics and the Al matrix as a result of subjecting to
the FSD thermomechanical process.

(@) (b) A
Element Atomic % Element Atomic %
Cu
Al 71.74 Al 72.19
Cu 21.91 Cu Cu 27.81
g Fe 6.35
=
(=}
@)
Cu Cu
Al Fe Al
4 fzee LA ko
0.0 30 60 90 0.0 30 60 90
Energy/KeV

Figure 9. EDS analyses of precipitates show two types of intermetallic precipitates: (a) Al;Cu,Fe
(spot 1 analysis in Figure 8) and (b) Al,Cu (spot 2, 3, and 4 in Figure 8).

Figures 10 and 11 show the EDS elemental mapping of the AMPs produced from
AA2011-T6 and AA2011-O at the processing parameters of 1200 rpm spindle rotational
rate and 6 mm/min feeding speed and 200 rpm and 1 mm/min, respectively. Figure 10a
shows the SEM image obtained from AMP of AA2011-T6 at 1200 rpm and 6 mm/min. It is
indicated that the EDS elemental maps confirm the results of the chemical composition of
AA2011 in terms of the overall chemical analysis of the alloy as can be seen in Figure 10b.
In terms of the elemental maps of the different elements, it can be observed that the Al (c),
Fe (e), and Si (f) are homogeneously distributed in their corresponding maps. However,
the Cu map in (d) shows a high density of green-colored points where the particles are
outlined in the SEM micrographs. Figure 11a shows the SEM image obtained from AMP of
AA2011-O at 200 rpm and 1 mm/min. The elemental mapping showed a homogeneous
distribution of all elements and phases with no preferences regions along the specimen (no
clusters formation), which can be attributed to the severe homogeneous agitation of the
material during the FSD process. It is also confirmed the possibility of the Al;Cu,Fe and
Al,Cu intermetallics formation and location.
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Figure 10. Elemental map distribution of AA2011-T6 AMPs produced at 1200 rpm and 6 mm /min

(a) SEM of AMPs, (b) map distribution of all alloying elements, and (c,d) map distribution of Al and
Cu, respectively.
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Figure 11. Elemental map distribution of AA2011-O AMPs produced at 200 rpm and 1 mm/min:

(a) SEM of AMPs, (b) map distribution of all alloying elements, and (c,d) map distribution of Al
and Cu, respectively.
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3.4. Hardness

Hardness is an important mechanical property to evaluate materials, and its value is
controlled by the chemical composition, temper condition, and the FSD process parameters.
Figures 12 and 13 represent the average hardness values of the initial materials (AA2011 and
AA2011-O) and the produced AMPs at different FSD parameters. The average hardness
measurements of the AA2011 AMPs show lower hardness values in comparison to the base
metal. Moreover, the hardness decreases as the feeding speed increases, as given in Figure 12.
The decrease in hardness percentage (hardness loss %) of AA2011-T6 AMPs reaches the highest
value of 49% compared to the AA2011-T6 material at processing parameters of a rotational rate
of 1200 rpm and feeding speed of 9 mm/min. At the same rotation rate, the applied feeding
speed of 3 mm/min produces an AMP with a hardness loss of 39% compared to the base
material. This loss in hardness accompanying the additive manufacturing process was also
reported by Dilip et al. [6] for the AMPs of AA2014. They concluded that the friction deposits
showed inferior hardness because of their overaged microstructure.
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Figure 12. Average hardness and a hardness loss percentage of the AA2011-T6 and its AMPs
produced at a rotational rate of 1200 rpm and feed speeds of 3, 6, and 9 mm/min.
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Figure 13. Average hardness and a hardness increase percentage of the AA2011-O and its AMPs
produced at a rotational rate of 200 rpm and feed speeds of 1, 2, and 3 mm/min.

The average hardness values of AA2011-O alloy and the AMPs at a rotation rate of
200 rpm and feeding speeds of 1, 2, and 3 mm/min are illustrated in Figure 13. The hardness
value of the AMPs produced at the applied feeding speeds is higher than that of the initial
condition AA2011-O. This increase in hardness slightly decreases with the increasing
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feeding speed. The increase in the hardness value of AMP produced at a 1 mm/min
feeding speed attains 163% compared with the AA2011-O starting material, whereas the
improvement reaches 142% at the applied feeding speed of 3 mm /min.

The high hardness of the as-received AA2011-T6 (130 &= 3 HV) is ascribed to the high
internal stresses stored in the material due to the previous production process, such as
cold working. Afterward, the annealing process at 415 °C for 2.5 h followed by slow
furnace cooling contributed to the stress relief of the alloy, coarsening, and softening of
the second phase precipitates. Thus, the hardness of the alloy decreased after annealing,
despite the reduction in grain size. It is well known that two mechanisms are controlling
the hardness of this alloy. The first one is the reduction in grain size, which is directly
proportional to the hardness increase. The second one is the morphology and dispersion
of the second phase precipitates. In AMPs fabricated using the hard rods of AA2011-Té,
the hardness decreased after deposition because the dominant mechanism that affects the
hardness was the fragmentation of the hard precipitates. On the contrary, the hardness of
the AMPs manufactured using the soft AA2011-O rods increased after friction deposition
as the dominant mechanism, in this case, was the grain size reduction.

4. Conclusions

The current study investigates the effect of alloy temper conditions on the behavior
upon friction stir deposition. The deposited AMPs were characterized in terms of macro
and microstructural features as well as the hardness distribution. Based on the obtained
results, the following conclusions can be outlined:

e  The friction stir deposition technique successfully produced sound continuous multi-
layered AA2011 AMPs without any physical discontinuities or interfacial defects
between layers along the vertical direction.

e  The temper condition of the alloy affects the behavior during FSD, and the parameters
that worked with the T6 condition does not work with the O condition alloy. The hard
condition alloy required high heat input to reach the state of a good deposition, while
the soft condition alloy required low heat input to reach the FSD state.

e  The optimum condition for FSD of AA2011-T6 was a rotational rate of 1200 rpm at feed-
ing speeds between 3 and 9 mm /min, while the optimum condition for FSD of AA2011-
O was a rotational rate of 200 rpm at feeding speeds between 1 and 3 mm/min.

e  Microstructural analysis showed that significant grain refining and intermetallic par-
ticle fragmentation have been observed in the AMPs from the two temper condi-
tions of AA2011.

e  The fine grain formation is mainly dominated by dynamic recrystallization where the
average grain size is reduced by decreasing the feeding speed at a constant rotation
rate. The use of a lower rotation rate resulted in more refining due to the lower heat
input experienced.

e  The use of T6 temper alloy has resulted in AMPs with a lower hardness than the
starting material that reached about 61% and 51% of the starting material hardness at
feeding rates of 3 and 9 mm/min, respectively. However, the use of O temper alloy
has resulted in AMPs with higher hardness than the starting material by about 163%
hardness enhancement compared to the starting material.
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Abstract: In the current study, a 2 mm thick low-carbon steel sheet (A283M—Grade C) was joined
with a brass sheet (CuZn40) of 1 mm thickness using friction stir spot welding (FSSW). Different
welding parameters including rotational speeds of 1000, 1250, and 1500 rpm, and dwell times of 5,
10, 20, and 30 s were applied to explore the effective range of parameters to have FSSW joints with
high load-carrying capacity. The joint quality of the friction stir spot-welded (FSSWed) dissimilar
materials was evaluated via visual examination, tensile lap shear test, hardness test, and macro- and
microstructural investigation using SEM. Moreover, EDS analysis was applied to examine the mixing
at the interfaces of the dissimilar materials. Heat input calculation for the FSSW of steel-brass was
found to be linearly proportional with the number of revolutions per spot joint, with maximum heat
input obtained of 11 kJ at the number of revolutions of 500. The temperature measurement during
FSSW showed agreement with the heat input dependence on the number of revolution. However,
at the same revolutions of 500, it was found that the higher rotation speed of 1500 rpm resulted in
higher temperature of 583 °C compared to 535 °C at rotation speed of 1000 rpm. This implies the
significant effect for the rotation speed in the increase of temperature. The macro investigations of the
friction stir spot-welded joints transverse sections showed sound joints at the different investigated
parameters with significant joint ligament between the steel and brass. FSSW of steel /brass joints
with a number of revolutions ranging between 250 to 500 revolutions per spot at appropriate tool
speed range (1000-1500 rpm) produces joints with high load-carrying capacity from 4 kN to 7.5 kN.
The hardness showed an increase in the carbon steel (lower sheet) with maximum of 248 HV and an
increase of brass hardness at mixed interface between brass and steel with significant reduction in
the stir zone hardness. Microstructural investigation of the joint zone showed mechanical mixing
between steel and brass with the steel extruded from the lower sheet into the upper brass sheet.

Keywords: Friction stir spot welding; low-carbon steel; brass; load-carrying capacity; hardness;

microstructure

1. Introduction

In 1991, friction stir welding (FSW) was initially introduced by TWIin the United King-
dom as a newly developed solid-state welding process, particularly for joining aluminum
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alloys with specific requirements that should be fulfilled [1,2]. Then friction stir spot weld-
ing (FSSW) was developed as one of its variant for local joining of similar and dissimilar
sheets [3-9] as a promising technique with similarities to the basic concepts of linear FSW
with a specific requirement where no lateral movement of the tool is required [10]. More
interestingly, the rotating tool pierces the sheets that are being welded and then produces a
stir zone. The stir zone or nugget in the friction processed materials characterized by fine,
dynamic, recrystallized microstructures due the severe plastic deformation experienced at
high temperatures [11-14]. Indeed, the FSSW can be operated under the bulk melting point,
which allows this technique to prevent the formation of defects attributed to porosity, solid-
ification, thermal distortion, etc. [15,16]. The FSSW technique has been applied for joining
dissimilar materials [17] such as aluminum-magnesium [18], aluminum-copper [19], and
aluminum-steel [10,20]. Moreover, previous investigations stated that FSSW had been
employed for various steels such as high-strength [21], advanced high-strength [22], and
ultrahigh-strength steels [23]. Moreover, the steels comprising mixture structures of ferrite
and martensite are termed dual-phase (DP) steel. These DP steels are actually a kind
of low-carbon steel consisting of ferrite and martensite microstructures. DP steels have
captured particular interest due to their good combination of high strength, ductility, and
weldability of these alloys and have been used widely for over the past few years in the
automotive industry [24]. Some methods are used to improve the mechanical properties
of DP steels: one of them is adding alloying elements into the DP steels to modify their
microstructure. However, as a result of the addition of the alloying elements at a high
percentage, it may cause the DP steel to become more prone to cracking during the welding
process [25]. Many attempts have been carried out to join steel sheets of interstitial-free (IF)
and dual-phase (DP) steel sheets by FSSW with a convex shoulder tool. Two different com-
binations were used: one with IF as the top sheet (IF/DP) and another with DP as the top
sheet (DP/IF) [26]. Turning to copper [27] and its alloys [28], they have been widely used in
many engineering applications due copper’s excellent electrical and thermal conductivities,
superior corrosion resistance, and good strength and ductility. More importantly, conven-
tional fusion welding processes cannot be undertaken to manufacture copper joints since
they demonstrate high thermal diffusivity, which is approximately 10-100 times higher
compared with nickel alloys and most steels [29]. Meran [30] reported that copper and
copper alloys have been successfully manufactured via the FSW method. Gao et al. [31]
investigated the properties of dissimilar lap joints of commercial brass (CuZn40) to plain
carbon steel (525C) by considering the welding speed effect using the FSW method. The
results showed that the grain size, hardness at the stirred zone, and tensile shear fracture
load of the joints were significantly changed when the welding speed were varied. With
respect to brass (Cu-Zn alloy), it demonstrates high strength, plasticity, high hardness, and
good corrosion resistance, which makes brass suitable to be used as structural materials in
many industrial applications [32]. Nevertheless, it is very difficult to clad brass to steel by
fusion welding because of the strength loss in the fusion zone due to the evaporation of Zn,
as well as the large differences in the thermal physical properties between brass and steel,
such as melting point, thermal conductivity, and thermal expansion coefficient [31]. To
handle this problem, friction welding as a solid-state welding process has been employed
in recent years. Luo et al. [33] used the CT-130-type special inertia friction welding machine
to finish the H90 brass/high carbon steel dissimilar metals radial friction welding process,
and Kimura et al. [34] achieved the brass/low-carbon steel dissimilar metal welding by
friction welding. However, the friction welding has a large limitation in the shape of the
joint, which should be a body of rotation such as a pipe and a rod-type joint. In addition,
yellow brass (Cu/Zn 63/37) has an excellent capacity for cold working and tin coating by
hot dipping; moreover, brass CuZn37 has excellent cold working properties [35]. Most
brasses are not normally ranked as heat-treatable; some brasses are cast or hot-worked
in the duplex &/ 3 state and then annealed at about 450 °C to convert the microstructure
into a single phase of better resistance to corrosion [35]. Due to the relative high tempera-
ture associated with FSSW of brass, recrystallization accompanied with microsegregation
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leading to separation of 3-phase takes place [31], which leads to some softening. This
behavior could be avoided either by applying proper stirring speed [31] or by postweld
heat treatment [34].

There are some research works on the friction stir spot welding of similar and dissimi-
lar metals and alloys [36-39]. However, limited reports are found on the friction stir spot
welding of low-carbon steel and brass, which is important for the use of joints. Based on
the above reasons, it is interesting to study the manufacturing of low-carbon steel and brass
as a lap joint by FSSW method. The aim of this study is to investigate the effective range
of FSSW combinations of parameters of rotational speed and dwell time to obtain a high
load-carrying capacity of dissimilar steel A283M-C/brass CuZn40 sheet FSSW joints. The
examined rotational speed are 1000, 1250, and 1500 rpm, and the applied dwell times are 5,
10, 20, and 30 s. The resulting load-carrying capacity of the joints are measured and judged
by the resulting heat generated and temperature raise at the joint during the FSSW process.
Moreover, the cohesion quality of the joints is examined by the metallographic examination
and EDS analysis. Normalized process parameters will be determined to function in the
selection of the effective range of conditions for further FSSW processes.

2. Methodology
2.1. Materials

The FSSW was carried out on lap joints of the brass (CuZn40) and low-carbon steel.
CuZn40 brass samples were cut from cold-rolled sheet of 1 mm thickness produced by
Wieland Company, Ulm, Germany. The low-carbon steel (St 44-2) sheet was produced and
delivered by Ezz Dekheila Steel (EZDK) Company, Alexandria, Egypt, in the form of 2 mm
thick sheets. The chemical composition of the used low-carbon steel and brass have been
analyzed using Foundry-Master pro, Oxford Instruments, Abingdon, UK. The steel grade
is equivalent to A283M grade C according to ASTM A283M-18 [40]. Preparing for the FSSW
lap joints, the starting copper and steel sheets were cut into plates of the width of 100 mm
and length of 200 mm. The chemical composition of both starting materials is listed in
Table 1. The mechanical properties that were obtained according to ASTM E8/E8M-21 [41]
are also included in Table 2.

Table 1. The chemical composition of low-carbon steel (St 44-2) and brass (CuZn40) sheets (in Wt.%).

Element

(WE. %) C Si Mn P S Cr Ni v Nb Cu Zn Pb
St 44-2 0.052 0.034 0.875 0.01 0.003 0.017 0.05 0.036 0.026 0.03 - 0.005
CuZn40 - 0.002 0.005 0.007 - - - - - 61.3 38.6 0.025

Table 2. The mechanical properties of the starting sheet materials: low-carbon steel (steel 44-2) and
brass (CuZn40).

Properties
Material Yield Stress Tensile Strength Fracture Strain Hardness
oy (MPa) Outs (MPa) ey (%) HV
Steel 44-2 461 525 194 223 £24
CuZn40 250 434 40 128 £2.3

For microstructure investigation, the brass and steel samples were separately mechani-
cally ground up to the final stage of SiC grit of 2400. (i) Brass was primarily polished using
a solution of the following mixture: 260 mL oxide (Al,O3) suspension with file alumina
particle (0.05 pm), 0.5 mL HE, 1 mL HNOj3, and 40 mL H,O;. (ii) The samples were finally
etched during the final polishing stage using Klemm III and potassium disulfide. The
specimens were polished and etched as in steps (i) and (ii) for two or three times, until a
scratch-free surface and the microstructure were revealed. Steel was etched after polishing
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in Nital 2% for 5 s. The microstructure of the starting brass and low-carbon steel is shown
in Figure 1a,b, respectively. From the binary Cu-Zn system, brass with copper content
less than about 63 wt.% is composed of a single a-phase [42]. With increasing the zinc
content, more than 37 wt.% [-phase starts to appear. In the current study, brass with little
dispersed B-phase can be distinguished due to the cold deformation of the alloy, as shown
Figure 2a. Figure 2b shows the microstructure of the low-carbon steel used in this study. As
can be seen from this micrograph, the microstructures are composed mainly of relatively
large ferritic grains, while some smaller pearlite grains or dispersed pearlitic islands at the
ferritic triple points of ferrite grains in small portions are spread across the whole area.

Figure 1. Optical microstructure of base materials used in this study. (a) Microstructure of brass
(CuZn40) and (b) microstructure of low-carbon steel (steel 44).

2.2. Friction Stir Spot Welding (FSSW)

The difficulty in fusion welding of the dissimilar metallic alloys, especially those are
far different in their physical and mechanical properties, comes from the selection of the
filler material that can match both alloys and also the high heat input that can severely
deteriorate the properties of the welded area. Thus, the use of the solid state welding
process can the best alternative to overcome these limitations.

In this study, steel and brass sheets were cut into the dimensions of 100 mm x 200 mm.
For the FSSW lap joint, the steel sheet was used as the lower sheet, and the brass sheet
was used as the top sheet with an overlap of 40 mm. A fixture plate with rectangular slots
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of 30 mm X 30 mm slots was used to clamp the sheet and to support and stabilize the
sheets during FSSW. Figure 2a shows the arrangement of the FSSW process, and the fixture
plate is shown in Figure 2b. FSSW joints were conducted using a home-manufactured
FSW machine with main specifications of load of 100 kN, Torque of 140 Nm, and rotation
speed up to 3000 rpm existing in the FSW lab at Suez University, Egypt. FSSW tools made
from tungsten carbide (WC) with a cylindrical probe (length: 0.9 mm, diameter: 8.2 mm)
and shoulder diameter of 20 mm were used. There are many design considerations for
manufacturing of FSW and FSSW tools [43—45]. However, the tool material was selected
based on the tool material required for welding high-melting-point materials, as the work
deals with both steel and copper alloys. Furthermore, a simple cylindrical tapered geometry
design was used, as the preparation of complex features in the WC is quite difficult, and it
will wear away very quickly.

o)
.m]

1]
W\

N
Gl

Fixture
system

N

——— e —— — —

~— Spots from the jig plate slots

DETAIL A

Thermocouple hole

Figure 2. (a) FSSW process arrangement, (b) fixture plate supporting the sheets of spot joints,
(c) graphical representation of the used FSSW tool arrangement, and (d) temperature measurement
during FSSW (all dimensions in mm).
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Backing plate

Figure 2.c shows a graphical representation of the applied FSSW tool. The WC tool
was fixed in a tool steel holder that made from H13 tool steel. After the welding process,
the welded sheets were cut for further characterization.

The FSSW joints were conducted at different rotation speeds of 1000, 1250, and
1500 rpm at a constant plunge rate of 0.1 mm/s, zero tilt angle, and distance controlled
mode. The applied vertical load during welding was ranging between 11 to 14 kN. The
temperature near to the stir zone was measured for FSSW experiments covering the applied
number of rotations (83, 167, 250, 333, 500 R). A Modern Digital Multimeter (MDM) model
UT61B, Zhejiang, China with thermocouple type “K” was used to measure the temperature.
The thermocouple was inserted between the brass and steel sheets (as shown in Figure 2d),
and the temperature values were recorded and plotted as a function of the time.

2.3. FSSW lap Joints Evaluation

The starting sheets of copper and steel were cut into 100 mm x 200 mm. Copper was
placed over steel with an overlap area of 40 mm x 200 mm. After welding, the whole
dimensions of welded pair of materials were 160 mm x 200 mm, and it was cut into
individual samples for investigations perpendicular to the length (200 mm); each is 30 mm
in width and containing one spot, as shown in Figure 3.

30

Brass i‘—’
|

L. C. steel - ﬁ

40 60

100

160 Width, 30 mm

All dimensionsin mm

Figure 3. FSSW tensile shear test specimen with two backing plates to ensure axial loading of the
specimens during the tensile shear test.

Lap shear tensile test was carried out on the FSSW joints with configuration of the
sample, as shown in Figure 3, to measure the load-carrying capacity of the joints. The
tensile test samples for the FSSW joints are of the width of 30 mm and a total length
of 160 mm, with an overlap length of 40 mm, which are the same dimensions of the
original welded plates. To ensure the axial loading of the test specimen, two packing pieces
(30 mm x 30 mm) were adhesively joined on the weld specimens, as shown in Figure 3 [46].
A universal tensile testing machine, type Instron model 4210, (Norwood, MA, USA was
used at crosshead speed of 0.05 mm/s. The load cells of the FSW and the tensile testing
machine are calibrated by a specialized company; the same was performed periodically for
the displacement measuring units.

The transverse cross section of the spot joints was investigated through macrographs
and hardness measurements on a diagonal line through the joined materials. Low-load
Vickers hardness tester HWDV-75, TTS Unlimited, Osaka, Japan was used with an in-
dentation interspacing distance of 2 mm using a test load of 10 N and a dwell time
of 15s.

FEI Quanta FEG 250 Field Emission Gun Scanning Electron Microscope (FEGSEM),
FEI company (Hillsboro, OR, USA), equipped with EDAX-OIM7 and controlled by TEAM
software was used for microstructure investigation and elemental analysis of the joints.
EDS line and point elemental analysis was carried out using a scan step size of 0.5 pm.
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3. Results and Discussion

Many FSSW conditions were examined to explore the effect of the different parameters
on developing high-quality dissimilar lap joints between brass (CuZn40) and low-carbon
steel (St 44-2).

3.1. Heat Input in the FSSW Process

To determine the effect of the different welding parameters, the number of parameters
has been reduced by combining the rotational speed (rpm) and the dwell time (s) into the
number revolutions per joint as follows:

Total number of revolutions (R) = Tool rotation speed per second x dwell time (s)

Now, the rotational speed and the dwell time are reduced into one parameter, namely,
the number of revolutions per spot (R). Moreover, the vertical load which represents the
downward force (applied pressure) by the tool will be used to calculate the heat input in
the welding process. Considering the friction force between the tool (pin surfaces and the
pin shoulder) and considering an average friction coefficient (1) equal to 0.5 [47—49] and
using the applied vertical force (F), the rotational speed (w) and the heat input (Q) are

calculated as follows [50]:
13 F
=—H—_— 1
Q=5w K, @ ¢y

where 1}, is the tool pin radius which equal to 4.1 mm and K, is the value of shoulder
contact surface area (Ac) divided by the total shoulder surface area (A) [50], which can be
calculated as follows:

2 2
_Ac T (rs —rp) B (102 —4.12) B
== - = B = 0.8319 )

Ka
where 15 is the tool shoulder radius and ry, is the tool pin radius.
Basically, the angular speed w(rad/min) = 2nN (rpm) can be expressed in (rad/s)
as follows:

w(rad/s) = %N(rps) 3)

We can substitute the values of Equations (2) and (3) into Equation (1) and rewrite
Equation (1) as follows:

F 2n

13
QU/s) = 15+ 05% 55319 60

%0.0041(Nm/s) 4)

Simply, heat input in the current case can be calculated as:
Q (KJ/s) =2.794%1077 w (rad/s) * F (N) (5)

Equation (5) is valid and used for friction spot welding when multiplied by the linear
travel speed. However, in FSSW, there is no travel speed but rotation in the same position
for a dwell time, so that multiplying Q with dwell time Dy (in s) gives the total generated
heat (E) per spot weld, as described by Equation (6).

E=Q x D¢ (k) (6)

Figure 4 shows the effect of the total number of revolutions on the heat generated per
spot weld. This figure shows the effect of the number of rotations as the key parameter
in the heat generation upon FSSW process. Clearly it can be observed that increasing the
number of rotations increases the heat input per spot. This will significantly affect the joints
quality and microstructure. The heat input ranges from 11 k] to 1.5 k] based on the number
of revolutions per spot.
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Figure 4. Linear fitting of the total heat input per spot weld as a function of the number of rotations
on FSSW of low-carbon steel /brass (CuZn40) joints.

Table 3 gives the calculated heat input at the different FSSW conditions, and Figure 4
shows the heat input against the number of revolutions. In Figure 4, the average total heat
input has been well linear fitted with the total number of revolutions (R) per spot weld
with a high coefficient of determination (r? = 0.981). The linear equation describing the
relation of the total generated heat per spot and the number of rotations is:

Heat (kJ) = 0.0226 R — 0.194 @)

Temperature was measured during the FSSW process for different experiments cov-
ering the applied number of revolutions range (83 to 500R) using different combinations
of revolutions per minutes and dwell times. Figure 5 includes the curves of the measured
temperature during the FSSW for some experiments. It is clear that the controlling pa-
rameter for heat input or temperature rise is not only the number of revolutions per spot
but also the speed of the revolution. Practicing 500 revolutions within 20 s using a speed
1500 rpm is more effective than practicing the same number of revolutions in a time of 30 s
using 1000 rpm. The first condition (1500 rpm, 20 s) raised the temperature to 583 °C, and
a long time was needed to cool again, while a temperature of 535 °C was reached at the
second condition (1000 rpm, 30 s). Comparing the experiments carried at the same speed
of 1000 rpm for different dwell times of 5, 10, 20, and 30 s, it is obvious that the short dwell
time is effective to raise the FSSW temperature, whereas the long dwell time is needed to
generate heat at a rate higher than the heat dissipation rate through the different metallic
units adjacent to the FSSW nuggets: base materials, jig plate, clamping units, FSSW tool,
and the machine table. At 1000 rpm, the maximum attained temperature is 535 °C after
30 s; the maximum temperature falls to 323 °C at the shortest dwell time of 5 s (see Figure 5
and Table 4).

In Table 4, the maximum measured temperatures are listed for some FSSW experiments.
Considering the melting of low-carbon steel (St 44-2) as 1539 °C and that for brass (CuZn40)
as 900 °C [42], the relative absolute temperatures (T/Tp,) were calculated to show how far
apart are the different welding temperatures from the recrystallization temperatures of the
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welded materials. It is obvious that the attained temperature during FSSW lies within the
recrystallization temperature range of brass, while it is only at the boundaries or lower
than the recrystallization temperature of steel.

Table 3. Welding conditions, the generated heat input, and the tensile lap shear maximum force

carried by the joint.
Max. Tensile No. of Machine Dwell Rotation Joint
B — Energy Power
Load Rotations Load Time Speed Numbering
(kN) kJ) (kJ/s) @R) (kN) (s) (rpm)
2.7 1.7 0.34 83 11.7 5 1000 1
3 1.6 0.32 83 10.96 5 1000 2
-* 1.6 0.31 83 10.7 5 1000 3
- 1.5 0.31 83 10.5 5 1000 4
- 2.5 0.51 104 13.8 5 1250 5
- 2.1 0.43 104 11.7 5 1250 6
1.3** 3 0.6 125 13.6 5 1500 7
- 2.9 0.6 125 13 5 1500 8
3.6 3.3 0.33 167 114 10 1000 9
3.3 3.7 0.37 167 12.8 10 1000 10
- 3.2 0.32 167 11.1 10 1000 11
6 2.5 0.25 167 8.6 10 1000 12
49 3.2 0.32 167 10.7 10 1000 13
- 3.1 0.31 167 10.5 10 1000 14
4 3.4 0.34 167 11.6 10 1000 15
15 3.6 0.36 167 12.4 10 1000 16
- 3.7 0.37 167 12.5 10 1000 17
24 4.8 0.48 208 13.1 10 1250 18
- 5 0.5 208 13.8 10 1250 19
3.2 5.1 0.51 250 11.6 10 1500 20
5.2 6 0.6 250 13.7 10 1500 21
2 6 0.6 250 13.8 10 1500 22
3.8 NA NA 250 NA 10 1500 23
1.6 NA NA 250 NA 10 1500 24
7.5 NA NA 250 NA 10 1500 25
7.1 NA NA 250 NA 10 1500 26
6.3 NA NA 250 NA 10 1500 27
7.5 7.8 0.39 333 1.3 20 1000 28
7.5 75 0.37 333 12.8 20 1000 29
- 7.8 04 333 13.3 20 1000 30
6.4 11.2 0.37 500 12.8 30 1000 31
54 10.8 0.36 500 12.3 30 1000 32
- 10.5 0.35 500 12 30 1000 33

* The joints that show “—” in the “Max. tensile load” have been consumed in investigations other than tensile test
such as hardness testing and macro- and microstructure investigation. ** FSSW joints with a maximum load lower
than 2 kN have been considered as failed joints.

Table 4. Measured temperature during brass/steel FSSW experiments related to the absolute melting
temperature of the base materials.

Rotat(l;;r;n S)peed, T::;e No. of g{o)tatlons, Max1mum( ;l"Ce;nperature, T/T,y (Steel) T/T,, (Brass)
1500 20 500 583 0.47 0.73
1000 30 500 535 0.45 0.69
1000 20 333 472 0.41 0.64
1500 10 250 420 0.38 0.59
1000 10 167 363 0.35 0.54
1000 5 83 323 0.33 0.51
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Figure 5. Temperature measured during some FSSW of low-carbon steel /brass joints.

3.2. Joint Quality and Macroscopic Investigation

Some samples were macroscopically investigated by a cut through the spot zone. The
cut samples were molded to be easily handled during the metallographic preparation
process. Due to the stirring occurred by the welding tool pin, a so-called keyhole is
generated. Usually, this keyhole reaches the lower sheet of the joint, and the materials
of the upper sheet are softened, pressed, and extruded to flow under the tool shoulder.
With the applied force from the machine, the tool shoulder continues pressing the material
removed by the pin, causing further extrusion of the softened brass to make it flow around
the tool shoulder, producing a flash-like extruded brass, as shown in Figure 6.

Brass extrusion ) Steel ring

extrusion

Figure 6. Macro image of an FSSW steel /brass joint showing the different zones using a total of
167 revolutions (rpm = 1000 and dwell time = 10 s).

Depending on the extent of the dwell time and the rotational speed, the tool pin
may further press the underlying sheet (steel), causing little extrusion and producing a
slight steel ring. Figure 6 also indicates that there is good cohesion between the brass and
the undelaying steel sheet at the stirred region beneath the tool shoulder. This cohesion
region is generated mainly by the heat generated from the friction process and the pressure
practiced by the tool shoulder on the brass.

Figure 7 includes macroscopic images showing a comparison of the FSSW joint form
at different welding conditions. Figure 7a shows the joint form at a low number of rotations
(83 R) where the keyhole is still not well-formed. With increasing the number of rotations
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to 167 R, the weld nugget seems uniform around the keyhole (as shown in Figure 7b).
Repeating the previous conditions while increasing the nominal downward displacement
from 1.4 to 1.8 mm makes the keyhole deeper (Figure 7c) with more steel extrusion to the
sides of the keyhole, and the cohesion of brass to steel appears with a lower area around
the keyhole. Increasing the number of revolutions per spot to 333 and 500 increases the
quality and the area of cohesion of brass to steel, as shown in Figure 7d,e, respectively. This
is mainly due to the increased heat input for these two conditions, as shown in Figure 4
and Table 3.

Keyhole

Figure 7. Macro images of FSSW steel/brass joints at different revolutions (R): (a) 83 R; (b) 167 R
(penetration = 1.4 mm); (c) 167 R (1.8 mm); (d) 333 R; and (e) 500 R.

3.3. Tensile Lap Shear Test Results

Tensile lap shear tests (TLST) were conducted on the FSSWed samples to evaluate the
load-carrying capacity of the joints. The TLST results are presented in the load-displacement
curves as shown in Figure 8. Figure 9 illustrates the fracture surface of lower surface of
upper brass sheet and the upper surface of the lower steel sheet after the tensile test of the
spot joints given in Figure 8. The lap shear tensile curves of the joints welded with the same
rotation speed (1000 rpm) and different dwell times (5, 10, 20, and 30 s), which produced a
different number of rotations per spot (from 83 to 500 revolutions), are shown in Figure 8a.
This figure shows a variation of the tensile strength of the joint with the variation of the
number of revolutions per spot. At the lower number of revolutions (83-167 R; Figure 9a-h),
the displacement and the maximum force seem lower than that at the higher number of
revolutions (333 and 500; Figure 9i-1) per spot. This is due to the improved joint quality in
terms of good cohesion of brass on steel with the effect of increased total heat input per
spot. The highest reached maximum tensile force at a rotational speed of 1000 rpm and the
total number of rotations of 333 was 7.51 kN.
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Figure 8. Load-displacement curves of joined samples at rotational speed of (a) at 1000 rpm and
number of revolutions per spot (83, 167, 333, and 500 R) and (b) at 1500 rpm and 250 revolutions
per spot.

Brass Steel Brass Steel
Upper Sheet Lower Sheet

Upper Sheet Lower Sheet

Figure 9. Photo images of the dissimilar fracture surfaces of the lap shear tensile tested FSSW
steel /brass joints produced at different numbers of revolutions (R); (a,b) at 83 R, (c-h) at 167 R, (i,j) at
333 R, (k1) at 500 R, and (m,n) at 250 R.
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The FSSW of brass/steel welded at 250 R (1500 rpm and 10 s) is not reproducible as
detected and represented in Figure 8b, where all displayed curves are for the same welding
condition, and the resulting tensile data are very different. However, the maximum tensile
force of 7.52 kN was attained at a rotation speed of 1500 rpm, or the total number of
rotations per spot of 250. It can also be noticed from Figure 8a,b, that, with increased heat
input (at the higher number of revolutions; 250, 333, and 500), the extent of displacement
before fracture is higher than other conditions.

Table 3 includes the maximum tensile load for the different tested samples. The
average of the maximum load carried by the joint is presented against the number of
rotations per spot weld, as shown in Figure 10. It can be indicated that the maximum
tensile increases with increasing the number of stirring rotations, which coincides with the
highest total heat input per spot (Table 3). It can be noticed that there is a considerable
error bar, which is calculated by the standard deviation of the obtained results for the same
conditions. This means that the quality described by the maximum carried load of the
joints produced by this manufacturing process is still not identical for the same condition,
but there is a general trend showing increased load-carrying capacity of the joint with
increasing the total generated heat during the process, which can be achieved by increasing
the number of rotations per spot at considerable revolution speed in the range from 1000 to
1500 rpm.

8000

6000
4000 F
2000 + ‘
0
83

167 208 250 333 500
No. of revolutions [ R ]

Max. tensile load [ N ]

Figure 10. Average maximum tensile load of the tensile lap shear test of FSSW steel/brass joints
manufactured by different revolutions per spot weld.

To evaluate the success of such FSSW joints, the tensile shear results are compared with
other works. According to the reported results by Abdullah and Hussein [51] for the FSSW
of copper with carbon steel at plunge depths of 0.2 and 0.4 mm and different rotation speeds
of 1120, 1400, and 1800 rpm, the tensile shear force of the welded joints was increased with
an increase of the rotation speed and plunge depth, and the tensile shear force ranged
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between 510 N and 4.56 kN. The higher load-carrying capacities are attained mostly at a
higher plunge depth using 1400 and 1800 rpm. The results from Figner et al. [52] show that
FSSW of aluminum alloy AA5754 with galvanized steel using rotational speed ranging
between 800 and 3200 rpm, dwell time range of 0 to 0.8 s, and plunge depth of 2.2 mm
resulted in a maximum tensile lap shear force of 8.30 kN. However, the base materials
of the joints of these results, or at least the softer component (aluminum alloy AA5754),
have a higher strength than brass of the current work. The same can be mentioned for the
joints [53] of AA5083, which were welded with steel alloy at various FSSW parameters.
The shear forces of the joints with a maximum value of 4.02 kN was attained. Moreover,
much lower shear force (3.20 kN) has been recorded by Sun et al. [20] for FSSW joints of
AA6061-T6 with mild steel, which was achieved at a rotational speed of 700 rpm and a
dwell time of 2 s. Mubiayi et al. [54] studied FSSW of pure copper (C11000) with the soft
aluminum alloy AA1060; the higher load-carrying capacities of 5.23 kN and 4.84 kN were
obtained at rotational speeds of 800 and 1200 rpm, respectively. A plunge depth of 1 mm
was used for these successful cases. The base materials used by Mubiayi et al. [54] were
softer than the current study materials. Based on the previously mentioned results and
conditions, it could be concluded that the current attained results are comparable or even
better among the achieved results from FSSW works.

3.4. Hardness Results of FSSW Joints

Hardness measurements were carried out on the FSSW joint to explore the effect of
stirring on the development of joint material strength. Figure 11 shows the hardness profiles
measured on the joint sheet at different stirring dwell times, which produced different
numbers of revolutions per joint.

350
R = Revolutions
Hazk Keynole |z
300 | srirred steel
base steel
base steel 167 R
500 R
= 250 [
T /
.y 83R
8 200
= 167 R 50f R
© it
I
150 [
100 | base brass HAZ o8 base brass |
[ stirred / extrusion brass ring
50
-20 -15 -10 -5 0 5 10 15 20

Distance [mm]

Figure 11. Vickers hardness profile measured on stirred brass and steel at the rotation speed of
1000 rpm for different dwell times, i.e., different revolutions (R) per spot (5s: 83 R, 10 s: 167 R, and
30 s: 500 R).

FSW or FSSW of materials with melting points very far apart such as steel /brass does
not produce completely mixed dissimilar materials at the joint regions. Even if cohesion
takes place, no wide range mixing occurs: materials of the top and bottom sheet stay
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distinguishable. Thus, hardness measurements were conducted on the welding regions
of the two joined sheets individually. It seems that a small area of the steel sheet was
affected, which is slightly bigger than the tool pin area. Beyond this area, the steel was not
affected, and the hardness values of steel were scattered within a band around the base
steel sheet hardness value (223 HV). At longer dwell time and higher number of rotations
(500 R), the heat input was at a maximum, which provided a better condition for stirring
the steel beneath the tool pin, leading to a clear increase of the hardness values reaching
its maximum (262 HV), as shown in Figure 11 for steel in the middle zone. At the lower
number of rotations (167 R), there was a little increase in the hardness value under the
keyhole, reaching 248 HV, while a slight increase of the hardness above the hardness value
of the base steel sheet was recorded a value of 238 HV on stirring for 83 R.

Brass containing 40 Zn has a melting temperature of around 900 °C. This means a
temperature above 315 °C can lead to recrystallization of cold-worked brass. However, a
much higher temperature (583 °C) was recorded on the FSSW of the brass/steel sheet (see
Figure 5 and Table 4). Along with this high temperature, we also must keep in mind the
mechanical stirring pressing and extrusion of brass, which is performed by the tool pin
and shoulder. This gave us two oppositely working effects. The hardness measurements
reflect the dominant effect on the strength of brass. Starting from the base brass sheet,
the hardness increased with increasing the number of revolutions per spot. The highest
hardness value of 163 HV was reached using 500 R at the stirred zone, while brass hardness
using a number of rotations 83 R per spot showed a hardness value of about 149 HV. Both
are located within the hardness ranges of the highest strength temper conditions (>140 HV).
At the highest temperature zone near the keyhole, brass began to recrystallize and became
softer than the base cold-worked bass sheet. The lowest hardness value around 92 HV was
recorded for the spot-welded test using 500 R, where the highest temperature was reached
at the keyhole.

3.5. Microstructure, SEM, and EDS Analysis

Figure 12 shows the microstructure of the right side of the cross-section through the
keyhole of the brass/steel joint produced by 333 rotations. Figure 12a shows good cohesion
of brass to steel by the pressing force practiced by the tool shoulder at the generated heat
and temperature, which could be around 472 °C (as indicated in Table 4). Frictional stirring
of steel sheet by the bottom surface of the tool pin extruded some of the steel into brass.
Penetration of the extruded steel into brass could increase the joint strength. The extruded
steel appears in the form of a ring, as shown in the macro images shown in Figure 7,
appears in the form of double rings, as shown in Figure 12a,b shows higher magnification
of the region around the extruded steel where the brass is highly deformed and highly
heat-affected by stirring and extrusion of both steel and brass.

Microstructure investigation of the left side of the cross-section of the joint carried
out at 1000 rpm and dwell time of 20 s (333 R) is shown in Figure 13. The general features
explained in the right side of the joint in Figure 12 can also be seen in the microstructure of
the left side of the joint shown in Figure 13, except the fracture of the steel chip extruded in
the brass sheet. The upper steel extrusion chip seems thinner and especially longer than
the lower one. This thinner chip faced resistance to flow in brass by the pressure from the
tool shoulder; thus, this thin chip is bent and fractured. Near the keyhole, the temperature
is at maximum due to the friction of the tool and the steel sheet. This high temperature
facilitates the flow of steel extrusion into softened brass. Away from the keyhole, the heat
sink increases, and the temperature steeply falls. This can be an additional resistance to the
flow of the steel chip into brass. Although the fracture of steel extrusion can be considered
as a discontinuity in the joint, it does not represent a welding defect as long as the area of
cohesion of brass to steel is large enough. From the tensile lap shear test results (Figure 10
and Table 3), this welding condition (1000 rpm, 20 s, 333 R) produced a joint with the
highest load-carrying capacity, where the average maximum load was 7505 N.
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Figure 12. BSE SEM microstructure, right side of a cross-section through the keyhole of the joint
produced by FSSW at 1000 rpm, dwell time of 20 s (333 R) (a) extrusion and flow of stirred steel into
brass, and (b) higher magnification of the extruded steel region in an image (a).

EDS line scan was carried out on the sample welded at 1000 rpm for a dwell time
of 20 s at the region containing steel and brass; see Figure 14. This image is a small area
from the image shown in Figure 12. Normally, the analysis of steel is rich in iron, and
the brass region is rich in copper and zinc. Let us concentrate on the transition length
between steel and brass. There could be mutual atomic diffusion between steel and brass,
which can be shown from light concentration gradient on the sound steel /brass interface.
In friction stir welding of the brass/steel spot joint using a tool rotation of 1000 rpm and
linear travel speeds of 250, 500, and 600 mm /min, Gao et al. [31,55] found that there is a
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mutual diffusion between iron and brass (Cu and Zn) over a length ranging between 70
and 120 nm. In the present work, the dwell time of 20 s using the same rotational speed
(1000 rpm) offers a higher chance to introduce higher heat input in a localized spot. This
increases the opportunity for mutual diffusion than that attained in FSW of brass/steel
conducted by Gao et al. [31,55].

keyhole

4/20/2016 HV maqg [ jet 500 pm
3:41:10PM  20.00kV | 1.66 mm | 10.0mm | 250x  vCD SSMMR-CSE

4/20/2016 ) det r— 100 pm —————

3:45:07 PM  20.00kV | 414pm | 100 mm | 1000x vCD SSMMR-CSE

Figure 13. BSE SEM microstructure images, left side of a cross-section through the keyhole of the
joint produced by FSSW at 1000 rpm, dwell time of 20 s (333 R). (a) Flow of steel extrusion into brass,
and (b) higher magnification of the extruded steel in an image (a).
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Figure 14. EDS analysis across the joint containing steel extrusion and brass for a region located on
the right side of the cross-section through the FSSW joint by stirring at 1000 rpm, dwell time of 20 s
(333 R). (a) EDS line path on SE SEM image, and (b) curves of the EDS elemental analysis.

Figure 15 includes the microstructure of a region from the left side to the keyhole in a
cross-section of the brass/steel spot joint produced at 1500 rpm for a dwell time of 10 s,
which provides a total of 250 revolutions. Figure 15a shows the steel extrusion in the form
of a hock inside brass. Excellent cohesion at the interface between brass and steel can be
seen in Figure 15b. In further magnification, microstructural changes of brass can be seen,
depending on the degree of deformation and heat input to the joint materials (Figure 15¢,d).

Figure 16 shows the EDS line scan analysis of the brass/steel contacting region from
the microstructure shown in Figure 15c. It can be noted that at the interface region between
the brass and steel parts some traces of elements can be seen in both sides, which indicate
the mutual diffusion of elements. Fe peak can be observed in the brass side as well as
peaks of Cu and Zn in the steel side. This type of diffusion is expected to occur at this
high temperature and high strain experienced during FSSW. Bonding of dissimilar metals
during the different joining processes is explained on by many mechanisms [56-58]. In
the current work, the attained results implied from Figures 12-16 indicate that the main
dominant bonding mechanism could be mechanical bonding and diffusion bonding on
short scale at brass/steel interface.
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Keyhole

Figure 15. BSE SEM microstructure at different magnifications (a) 200x, (b) 1000x, (c) 4000x,
(d) 3000 for the FSSW joints showing mechanical mixing and cohesion of brass on steel at the stirred
of samples joined at a rotational speed of 1500 rpm, dwell time of 10 s (250R).
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Figure 16. (a) EDS line scan from the lower right side to the upper left side of the SE SEM image

of FSSW brass/steel joint by stirring at 1500 rpm and dwell time of 10 s (250 R), and (b) EDS line
scan results.
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Table 5 includes the results of EDS analysis of different spots in the recrystallized brass,
as shown in Figure 17. The elemental analysis shows that spots 1 and 2 are richer in zinc
than spot 3 allocated in the matrix, representing «-brass phase, which has a zinc content of
32 wt.%, while the zinc content of spots 1 and 2 are 42.5 and 40.93 wt.%, respectively. The
values of carbon that appeared in this analysis are mainly from contamination from the
molding and sticking materials of the sample.

Table 5. EDS elemental analysis of spots 1 and 2 (3-phase) and spot 3 (x-phase).

Element (wt.%) Spot 1 (wt.%) Spot 2 (wt.%) Spot 3
Fe 0.6 1.6 0.8
Cu 54.1 53.2 63.3
Zn 42.5 40.9 321

Figure 17. SE SEM microstructure, appearance of 3-phase in the recrystallized structure of brass in
the HAZ of samples joined at a rotational speed of 1500 rpm, dwell time of 10 s (250 R).

In the next and final section, further investigation of the effect of FSSW conditions
on the microstructure of brass are presented. Because brass represents the softer and
weaker component of the joint, it determines the join’s strength; thus, that understanding
its microstructural changes is of great importance. Figure 17 shows the microstructure of
brass of the joint welded at 250 R (Figure 15) near the highest temperature region at the
keyhole. It can be noticed that there are islands of 3-phase distributed on discontinuous
grain boundaries, while the matrix is mainly «-phase. This «-phase is dominating in brasses
containing zinc content lower than 37 wt.%, according to the Cu-Zn phase diagram [42].
The 3-phase appears in the as-received brass (Figure 1a) in the form of mechanical twins. At
the regions adjacent to the high temperature, as shown in Figure 15, brass is recrystallized,
and no more mechanical twins can be noticed, as shown in Figure 17.

3.6. General Discussion

The main contribution of this study is the investigation of the dissimilar spot joints
between steel alloy and copper base alloy and the use of new parameters to justify the joint
heat input and quality, which is the tool revolutions per spot as one parameter encompasses
both the tool rotation rate and dwell time. In this section, some normalized points from
the applied process conditions and the results to be applied for other FSSW are presented.
In this work, three tool rotation speeds (1000, 1250, and 1500 rpm) and four dwell times
(5, 10, 20, and 30 s), which form 12 process conditions, were reduced to seven rotations

122



Materials 2022, 15, 1394

per spot (83, 104, 125, 167 250, 333, 500 R). The studied materials have melting points
very far apart: brass (CuZn40) having a melting point of 900 °C and the relatively harder
material represented by low-carbon steel with a much higher melting point (1530 °C). The
normalized measured temperature at the applied number of revolutions (Table 4) show
that the welding conditions resulted in generating heat, which raised the temperature up to
~0.4 Ty, for such steel and =0.6 Ty, for such soft brass, which could be suitable conditions
for such material joining. Furthermore, the generated heat at a number of revolutions of
250 or higher (Table 3 and Figure 4) was also a reasonable level to produce a dissimilar
joint with good load-carrying capacity of 4 to 7.5 kN, as shown in Figure 10. Whenever
such relative temperature is reached, a successful FSSW joint can be achieved for similar
combinations of materials with very different melting points. Even the rotational speed and
the dwell times were normalized into the number of revolutions per spot, keeping in mind
that the rotational speed and the dwell time should be high enough to provide enough
higher rate of heat generation. If other FSSW tools are used, the generated heat input by the
new tool alone would be estimated using the given equations to see if the heat input value
is enough to place the selected new tool geometry or the new process conditions (rotational
speed and dwell time) in the heat input range to produce acceptable load-carrying capacity.
The new tool geometry (such as pin height) should, of course, be related to thickness of
the top sheet materials thickness; here, it was 0.1 mm shorter than the top sheet materials
thickness. Heat input calculation for the FSSW of steel-brass was found to be linearly
proportional with the number of revolutions per spot joint. Maximum heat input obtained
was 11 KJ at the number of revolutions of 500. The temperature measurement during FSSW
showed agreement with the heat input dependence on the number of revolutions. However,
at the same number of revolutions of 500, it was found that the higher rotation speed of
1500 rpm resulted in higher temperature of 583 °C compared to 535 °C at a rotation speed
of 1000 rpm. This implies the significant effect for the rotation speed in the increase of
temperature. The macro investigations of the friction stir spot-welded joints transverse
sections showed sound joints at the different investigated parameters with significant joint
ligament between the steel and brass. The tensile shear load results showed wide scattering
at the same value of number of revolution, with maximum tensile shear load of about
7.52 kN attained at a rotation speed of 1500 rpm and 10 s, or the total number of rotations
per spot of 250.

Tensile test results are usually scattered in a narrow range. The scattering of TLST
results could not be compared with the scattering of the fusion welded or even with the
FSW samples. The variation of the TSLT results shown in Figure 10 could be related to
variation in behavior of the stirred at the keyhole and the form of extrusion of steel chips and
brass around the keyhole. Figures 12-16 show the different forms of cohesion at the steel—-
brass interface, which results in different load-carrying capacity of the samples. However,
sticking to the conditions producing a high heat input range (i.e., at 250 revolutions per
spot or higher) produces lap joints with relatively high load-carrying capacity.

The hardness measurement across the transverse section of the spot joint showed an
increase in the carbon steel (lower sheet) with a maximum of 248 HV and an increase of brass
hardness at the mixed interface between brass and steel and significant reduction in the stir
zone. Microstructural investigation of the joint zone showed mechanical mixing between
steel and brass, with the steel extruded from the lower sheet into the upper brass sheet. The
EDS analysis across the interface showed a concentration gradient for both Fe into brass
and Cu into steel, which implies the mutual diffusion at the experienced thermomechanical
conditions. The current study showed the importance of parameters optimization using
the different optimization software to minimize the number of experiments. Thus, the
results of this study can used in an optimization study using Taguchi method, for example.
Furthermore, the refill FSSW technology can be used to improve the joint appearance
and quality.
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4. Conclusions
Based on the obtained results and analysis, the following conclusions can be outlined:

(1) Whenever a generated FSSW heat over 4 kN is secured by any parameters combina-
tion, successful joints can be achieved.

(2) Heat input for the FSSW of steel-brass was found to be linearly proportional with the
number of revolutions per spot joint, and the maximum heat input obtained is 11 k]
at the number of revolutions of 500.

(3) Application of the acceptable range of FSSW revolution per spot heats the joint zone
to a normalized temperature of ~0.4 Ty, for steel and ~0.6 Ty, for brass and produces
good steel/brass adhesion, which is strengthened by the mutual atomic diffusion.

(4) Considering other successful FSSW conditions, an appropriate tool geometry
with a height of 0.1 mm less than the top sheet thickness produces good joint load-
carrying capacity.

(5) FSSW of steel/brass joints with a number of revolutions ranging between 250 to
500 revolutions per spot at appropriate tool speed range (1000-1500 rpm) produces
joints with high load-carrying capacity from 4 kN to 7.5 kN.
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Abstract: This work investigates the feasibility of using friction stir welding (FSW) process as a
groove filling welding technique to weld duplex stainless steel (DSS) that is extensively used by
petroleum service companies and marine industries. For the FSW experiments, three different groove
geometries without root gap were designed and machined in a DSS plates 6.5 mm thick. FSW were
carried out to produce butt-joints at a constant tool rotation rate of 300 rpm, traverse welding speed
of 25 mm/min, and tilt angle of 3° using tungsten carbide (WC) tool. For comparison, the same DSS
plates were welded using gas tungsten arc welding (GTAW). The produced joints were evaluated and
characterized using radiographic inspection, optical microscopy, and hardness and tensile testing.
Electron back scattering diffraction (EBSD) was used to examine the grain structure and phases
before and after FSW. The initial results indicate that FSW were used successfully to weld DSS joints
with different groove designs with defect-free joints produced using the 60° V-shape groove with a
2 mm root face without root gap. This friction stir welded (FSWed) joint was further investigated and
compared with the GTAW joint. The FSWed joint microstructure mainly consists of & and y with
significant grain refining; the GTWA weld contains different austenitic-phase (y) morphologies such
as grain boundary austenite (GBA), intragranular austenite precipitates (IGA), and Widmanstitten
austenite (WA) besides the ferrite phase («) in the weld zone (WZ) due to the used high heat input
and 2209 filler rod. The yield strength, ultimate tensile strength, and elongation of the FSWed joint
are enhanced over the GTAW weldment by 21%, 41%, and 66% and over the BM by 65%, 33%, and
54%, respectively. EBSD investigation showed a significant grain refining after FSW with grain size
average of 1.88 um for austenite and 2.2 um for ferrite.

Keywords: groove joint design; friction stir welding; gas tungsten arc welding; 2205 DSS;
mechanical properties

1. Introduction

Compared to ferritic and austenitic stainless steels, duplex stainless steel (DSS) has
excellent strength and corrosion resistance in heavy-duty engineering applications due to
a dual-phase structure (nearly 50% ferritic () phase and 50% austenitic (y) phase) [1-5].
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This unique microstructure promotes DSS advantages over each austenitic and ferritic
stainless steel. It was reported that [4] stress corrosion cracking and the elastic limit
of austenitic stainless steel improves with the presence of the x-phase. Moreover, the
presence of the y-phase leads to toughness enhancement of the duplex stainless steels by
hindering grain growth of the a-phase [5]. Thus, DSS is recommended extensively for
use in many applications, such as chemical and petrochemical industries, marine industry,
water desalination pipes, and liquefied natural gas pipes, besides being used in many
mining applications [3,5].

Consequently, DSS is considered a proper choice in many engineering applications
instead of ferritic and austenitic stainless steels [6]. Among duplex stainless steels, 2205 DSS
is regarded as the most common type of this class of steels. This grade is widely used in oil
and gas industries, seawater components, and power generation applications [4,6]. The
joint efficiency of the 2205 DSS weldments is mainly structure-sensitive and depends on
the type of welding method. The 2205 DSS can be welded using high arc energy fusion
welding methods such as gas metal arc welding (GMAW) [7], gas tungsten arc welding
(GTAW) [8,9], and shielded metal arc welding (SMAW) [2]. The GTAW process promotes
efficient and clean weldment compared with other fusion welding processes [10]. It was
reported that the weld zone (WZ) of GTAW welds may show an acceptable v/« ratio by
using a special filler rod. However, the weld microstructure features are not similar to its
base metal microstructure [11], and the productivity is low, as the maximum thickness
that can be welded in single pass cannot exceed 3 mm [2,12]. The GTAW process using
nickel-enriched filler rod ER 2209 provides an acceptable /vy ratio in the weldments [13].
It was reported that the chemical composition of the filler rod plays a significant role in the
vY-phase reformation than the applied cooling rate [14].

FSW, as a solid-state joining technique, has become increasingly prominent in the
joining and welding of duplex stainless steels (DSS) [15]. In 2205 DSS, optimum properties
are obtained when the material has equal proportions of austenite and ferrite [16]. This
desired phase ratio changed during fusion welding processes and promoted more ferrite
formation in the weld zone as a result of remelting and solidification of materials [17]. In
addition, it is recommended to weld DSSs within the range of 0.2-1.5 kJ/mm to avoid
precipitation of brittle intermetallic phases [18]. On the other hand, solid-state welding
techniques such as FSW seem to be a suitable technique in this regard [19]. This process
minimizes the ferritization problem of DSSs during thermal welding cycles due to their
solid-state nature and reduces the common problems associated with fusion welding.
During the FSW process, the microstructure of the base material experiences both high
temperature and severe deformation caused by the stirring tool. The coexistence of these
two factors activates the occurrence of some softening mechanisms throughout the material,
which results in a kind of fine microstructure commonly found during the hot deformation
processes [20].

Friction stir welding (FSW) of soft materials such as aluminum and magnesium alloys
became a common activity of welding due to the ability of the tool steel material to weld
such materials at minimum cost and risk of failure [21,22]. However, the risk of failure
and cost are still very high in case of tool materials used for FSW of hard metals, such
as steel [23], titanium and nickel alloys [24]. This is mainly due to the high temperature
and severe stress experienced during FSW [25]. Tool materials for FSW of high softening
temperature alloys must exhibit excellent properties at temperatures in excess of 900 °C [25].
There are various types of materials used in FSW of high softening temperature materials,
such as WC-based materials [26], W—Re [27], and PCBN materials [28]. However, the FSW
tool is subjected to severe stress and high temperatures, particularly for the welding of hard
alloys such as steels and titanium alloys and the commercial application of FSW to these
alloys is now limited by the high cost and short life of FSW tools [25]. However, due to high
temperatures and pressures required in the manufacturing of PCBN, the tool costs are very
high [25]. Owing to its low fracture toughness, PCBN also has a tendency to fail during
the initial plunge stage [25]. Thus, the WC material represents a cost-effective option for
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FSW of hard metals [26] and hard composites [29,30] if the tool life can be extended. An
important parameter that can be considered to extend tool life is the geometry of the tool
pin and the shoulder [31]. In addition, reducing the forces experienced by the tool, either
upon plunging and or during FSW, can improve the WC tool life. In this respect, having
grooves along the joint line will significantly reduce these forces. In addition, the idea of
groove filling using FSW is almost new and innovative, in respect to filling without using
a filler rod. The advantage of FSW over other welding techniques, such as laser beam
welding [32] as a welding technique without the need for filler rods, is the lower heat input.
Thus, this work aims to introduce FSW as a groove filling joining technique to weld DSS in
petroleum services companies instead of the GTAW fusion technique.

2. Materials and Methods
2.1. Material

SAF 2205 DSS plates of 6.5 mm in thickness were used as the base material. The
workpieces for welding were cut from the as-received plates for both GTAW and FSW
processes, 200 mm in length and 100 mm in width. The chemical composition of the base
material DSS is listed in Table 1. The filler rod used in the GTAW process is AWS A5.9
ER2209, which contains 3.68% more nickel than 2205 DSS. The increased nickel content in
the filler rod stabilizes the austenite phase in the weldments. The chemical composition of
the filler rod is given in Table 2. The chemical compositions of the base material and the
filler rod are obtained from the datasheet provided by the supplier.

Table 1. Chemical composition of the 2205 DSS base material (in wt.%).

Cr Ni Mo Mn Si N C P S Fe
22.43 5.74 3.15 1.51 0.38 0.17 0.015 0.025 0.001 Bal.

Table 2. Chemical composition of the E2209 filler rod (in wt.%).

Cr Ni Mo Mn Si N C P S Cu Fe
22.10 9.42 3.03 0.76 0.86 0.14 0.022 0.015 0.016 0.05 Bal.

2.2. Welding Procedure

For the FSW, three different groove geometries without root gap were designed and
machined, as shown in Figure 1: (a) a 60° U-shaped groove with a 2 mm root face, (b) a 60°
V-shape groove without a root face, (c) a 60° V-shape groove with a 2 mm root face, and
(d) for the GTAW 60° V-shape groove with a root face and root gap. Before welding, the
samples were mechanically cleaned using a stainless-steel wire brush to remove surface
oxides and contaminations.

The FSW tool was designed with a tapered pin geometry. The shoulder diameters,
pin tapered angle, pin tip, and pin length were selected as 20 mm, 30°, 5 mm, and 5.5 mm,
respectively. Due to the high frictional stress and heating during FSW of DSS; tool, shoulder,
and pin were fabricated from tungsten carbide (WC) [1]. Figure 2a shows the drawings of
the WC tool.
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Figure 1. Groove joint designs (a—c) for the FSW process and (d) for the GTAW process [33].
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Figure 2. Schematic of (a) drawings of the WC FSW tool and (b) the tensile test sample (dimensions
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Based on preliminary FSW experimental trials and also the available data in the
literature [34], the applied optimum FSW welding parameters were a rotational speed of
300 rpm, a travel speed of 25 mm/min, and a tilt angle of 3°. The FSW experiments were
conducted using the FSW machine model (EG-FSW-M1) [35]. For comparison between
FSW and the fusion welding technique, gas tungsten arc welding (GTAW) was chosen and
applied to weld DSS 2205 in the butt joint. Among fusion welding techniques, GTAW is
used extensively to weld duplex materials in the petroleum and petrochemical industries.
The used geometry joint design for the GTAW process was a 60° V-shape groove angle
with a 2 mm root face and root gap of 2 mm; Figure 1d. The joint was prepared according
to a joint design within the approved welding procedure specifications.

The GTAW process was performed using the DCEN-GTAW machine with tungsten
electrode 2.4 mm type EWTh-2, arc length 2.4 mm, and argon flow rate 15 1/min. The
GTAW process was carried out using the prequalified welding procedure specifications
(PQWPS) with welding parameters, as shown in Table 3.

Table 3. GTAW welding parameters.

Pass Filler rod AI?K';' re Y{’,l)t Tr(zli /rsnljit;d H(ia}t/rrﬁ)“ t
1st 116 10 90 0733
2nd 159 13 90 1.378
3rd ER2209 155 135 81 1.550
Capl 150 145 76 1717
Cap2 116 10 135 0516

2.3. Joints Evaluation and Characteriztion

Radiographic inspection test (RT) was carried out according to ASME V and ASME
VIII on the welded joints using a Gamma-ray camera (Model 880 MAN-027, NSW, Aus-
tralia) with an Iridium-192 source using D7 radiographic films. Microstructural analysis of
the welds was performed using optical microscope (Olympus model: BX41M-LED, Tokyo,
Japan). The transverse cross-sections were prepared through basic metallographic steps
according to ASTM E-3 and ASTM E-2014 up to 2400 grit and then mechanically polished
using alumina suspension of 0.05 pm. This was followed by cleaning with acetone, and
drying and electrochemical etching using 20 g KOH in 100 ml H,O solution. The phase
composition in the stir and fusion zones of the FSWed and GTAWed butt joints were exam-
ined by X-ray diffraction (XRD, Siemens Incorporating, Munich, Germany) analysis using
Siemens-D5000 with Cu Ko radiation (wavelength A = 0.15406 nm) at 40 kV and 30 mA in
the 20-range 20-110° and step size of 0.03°. The ferrite number of base material (BM), heat
affected zone (HAZ), and weld zone (WZ) was evaluated for the joints welded by FSW and
GTAW using a ferrite-scope (FERITSCOPE MP30—Fischer Company, Worcestershire, UK).

The Vickers hardness tester model (Qness model Q10 M, Golling, Austria) was used to
obtain the hardness values across the transverse cross-section at a spacing of 1 mm with a
load of 98 N and 15 s holding time. In order to evaluate the welding joint efficiency, tensile
test specimens were cut perpendicular to the welding direction according to ASTM ES8.
Figure 2b shows the standard tensile test sample dimensions that were used as a reference
in the preparation of the joints tensile samples; the tensile test sample thickness was varied
according to the thickness of the weld zone i.e., the thickness at the weld zone was used as
the tensile sample thickness in each case, which means that the extra thickness material
above that has been machined. The test was carried out at room temperature at a ram
head-speed of 0.5 mm/min using a universal test machine (Instron 4208, 300 kN capacity,
Norwood, MA, USA).
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3. Results and Discussions
3.1. Mechanism of FSW with Groove Filling

It has been known since the invention of the FSW process that this solid state welding
process cannot be used for welding with the need for filling of grooves. In this work, a
feasibility study for the use of FSW in the welding of butt joints with grooves was carried
out. Figure 3 shows the FSW tool plunging into the groove from the front in (a) and from
the back in (b). It can be noted that the existence of the groove facilitates the plunging
stage and is expected to reduce tool wear and extend tool life. After complete plunging, as
shown in Figure 3¢, the material starts to flow around the tool and a pole is formed around
the tool that becomes stable with only little flow in front of the tool that does not affect the
joint behind the tool. It can be observed that this pole becomes stable with the travers of
the tool as can be seen from the existing hole pictures shown in Figure 4 for a U-shaped
groove with root (a), and a V-shaped groove without root (b). This joint configuration is
expected to facilitate tool plunging, reduce tool resistance forces, and reduce the heat input.
This will directly enhance the tool life and joint properties. Figure 5a shows the WC FSW
tool with the holder arrangement after eight trials of 2205 DSS welding with some trace
of material sticking on the WC tool. In addition, the enlarged image of the WC tool in
Figure 5b shows the stability of the tool features, which indicate that no wear took place
under the condition of having the grooves and only oxidation can be noted on the shoulder
outer surface due to the high thermal cycles experienced. The stability of the WC after
repeated plunging and welding for eight times can be attributed to the existence of the
groove, which reduces the tool resistance forces.

Figure 3. Photographs taken during FSW of 2205 DSS with groove filling. (a) Front view during FSW

tool plunge, (b) back view during FSW tool plunge and (c) front view during FSW.
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Figure 5. (a) WC FSW tool with the holder arrangement after eight trials of duplex stainless steel
welding with the WC tool enlarged in (b).

3.2. Visual and Radiographic Inspection

Figure 6 shows the top view of the FSWed 2205 DSS butt joints produced with self-
filling of different groove designs. It can be observed that in all cases, the grooves filled
successfully, with some defects noted in the U- and V-shaped grooves without a root face
mainly due to the large volume of the grooves that require large volumes of material to be
soundly filled. For example, the U-shaped joint produces a good surface appearance with
extensive flash. Moreover, around 2 mm reduction in weld pass thickness was detected,
compared to the base material, to achieve filling of the groove; Figure 6a. This loss in
thickness is due to the lack of material flow and the large volume of the joint groove design
(Figure 1a). The produced weldment of the V-shaped groove design without root reveals
a partially good appearance with less flash. Some surface voids along the joint welding
length at the retreating side are seen; Figure 6b. Moreover, around 1 mm reduction in weld
pass thickness was measured, compared to the DSS BM. These top surface features are
also related to the lack of material filling and flow as a result of the large volume of the
groove-shaped design (Figure 1b). The obtained joint using the V-shape with root face
design showed a good surface appearance, with little flash and minimum reduction in
thickness. For comparison purposes, the same lap joint of 2205 DSS was produced using
the GTAW method with a V-shaped groove design with root and 3 mm root gap (Figure 1d).
Figure 6d shows the top view of the GTAW butt weld of 2205 DSS. It can be considered to
be of acceptable appearance without surface defects. The radiographic inspection reveals
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internal defects for the butt joints produced using U-shape and V-shape without root face
designs, as shown in Figure 7a,b, respectively. Furthermore, nearly sound 2205 DSS butt
joints were obtained for both FSW butt joints using a V-shaped groove design with root
and GTAW butt joint, as given in Figure 7c,d, respectively.

AS

Weldin
(a) Rotation Directi 0?1 ‘ Flash Key Hole

Speed

(b) AS

Rotation
Direction

(¢) Welding Direction

- *
Rotation e

Direction

(d) Welding Direction
—

‘\/‘*’ (e

Weld Zone

Figure 6. Top view of FSW welds (a) FSW, U-shaped groove with root; (b) FSW, V-shaped groove
without root; (c) FSW, V-shaped groove with root face; and (d) GTAW, V-shape groove with root face
and gap GTAW weld for 2205 DSS butt joints [33].
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Figure 7. Radiographic films of FSW welds: (a) FSW, U-shaped groove with root; (b) FSW, V-shaped
groove without root; (c) FSW, V-shaped groove with root; and (d) GTAW, V-shaped groove with root
face and root gap GTAW weld for 2205 DSS [33].

3.3. Macrostructure and Microstructure

Figure 8a—c shows the transverse cross-section macrographs of the FSWed butt joints
produced using different groove designs. Figure 8d represents the cross-section macro-
graph of the GTAWed butt joint. For the FSWed joints, three distinguished zones—stir zone
(SZ), thermomechanically affected zone (TMAZ), and heat-affected zone (HAZ)—are ob-
served [35]. Furthermore, the interface between the SZ and the TMAZ is very distinguished
on the advancing side, while it is more scattered on the retreating side, which is due to
the alignment of the rotation direction, transverse direction at this side, and also the more
refined grains at the advancing side than that at the retreating side [36]. There are tunnel
defects and 2 mm thickness loss of the 2205 DSS butt joint using U-shaped groove design
without root, as shown in Figure 8a. These defects are due to the large groove volume
of the joint. In addition, there are internal defects observed (Figure 8b) for the butt joint
welded using the V-shaped groove without root; these defects are tunnel defects. Moreover,
the reduction in thickness for this joint is around half reduction thickness for the joint
welded using the U-shaped groove design with root. These defects may also be ascribed
to improper groove joint design. For the welded joint using a V-shaped groove with root,
it was noted that the cross-section is defect-free and a very slight reduction in thickness
was detected. Based on visual inspection, radiographic examination, and macrograph
investigation, it can be concluded that a 60° V-shaped groove with 2 mm root face without
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root gap is a proper joint design for the FSW filling groove process to produce a sound
joint. In comparison, a defect-free joint was obtained with a V-shaped groove with 2 mm
root face and 3 mm root gap produced using GTAW, as shown Figure 8d. Moreover, the
two distinguished zones, WZ and HAZ, can be detected as fusion welding features [37].

(a) & |Thickness Thickness
Loss Loss

(b)

(©)

(d)

WZ

Figure 8. Macrostructure of FSW welds: (a) FSW, U-shaped groove with root; (b) FSW, V-shaped
groove without root; (c) FSW, V-shaped groove with root face; and (d) GTAW, V-shaped groove with
root face and root gap, GTAW weld for 2205 DSS butt joints.

Figure 9 shows the microstructural features at the different zones of the sound FSWed
joint produced using the V groove, 60° groove angle, 2 mm root face joint design, (a) base
metal (b) TMAZ in the advancing side (AS), (c) SZ, and (d) TMAZ in retreating side (RS).
A typical lamellar microstructure of 2205 DSS consists of y-phase islands in the x-phase
matrix. These y islands have a pronounced orientation in the o matrix, parallel to the
rolling direction, as given in Figure 9a. This lamellar structure of the c and 'y phases of
DSS BM is recrystallized and grain refined to give the equiaxed grains (Figure 9¢c) due to
the severe plastic deformation enforced by the FSW tool and the high frictional heating.
It has been reported that SZ is the core of the FSWed area, where the FSW tool causes
major material agitation and heating. Consequently, temperature and deformation are at
their extreme values in the SZ compared to TMAZ [38]. At a little distance away from the
centerline of the 2205 DSS FSW pass, TMAZ is noticeable (Figure 9b,d). It is characterized
by lower temperature and deformation, compared to the SZ [39,40]. The refined equiaxed
grains in the SZ and the formation of elongated grains in the TMAZ promotes a sharp
interface between the two zones (Figure 9b,d). After TMAZ moves toward the BM, HAZ
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appears, as shown in Figure 9b,d). It is far away from the tool-stirring zone (5Z). Thus, it
only suffers from a cycle of heating and cooling without any deformation. Consequently,
the microstructure features of this zone are close to BM with a slight grain growth in
some FSWed joints [34]. The DSS solidification during the fusion welding is a type of
ferrite prior. This means that from the liquid state, the grains of x-phase nucleate and
grow preferentially, and different morphologies of v grains are subsequently formed [41].
Furthermore, the thermal cycle across the DSS welds is highly heterogeneous and complex,
especially for the multi-pass welding as in the GTAW process [42]. Figure 10 shows the
optical microstructure of the cross-section of the GTAWed joint—the BM (Figure 10a) and
the different welding zones: HAZ (Figure 10b,c), and WZ (Figure 10d—f). High and low
magnifications of the HAZ are illustrated in Figure 10b,c, respectively. It can be seen
that a relatively wide HAZ width was obtained. The HAZ coarse-grained structure zone
(Figure 10b) adjacent to the fusion zone line could be stemmed from nearly complete
v-phase dissolution on the heating cycle and subsequent a-phase grain growth. The
HAZ microstructure consists of large o grains with continuous networks of y-phase at
the o-grain boundaries (GBA) and tiny ones of Widmanstatten austenite (WA) (Figure 10).
However, the heat input at the WZ is higher than that of the HAZ; therefore, different y
grain morphologies are likely to be found, including GBA, the intragranular y-precipitates
(IGA), and WA. Eghlimi et al. [43] reported that the GBA forms at a temperature range
of 800-1350 °C. The WA grains precipitated from the grain boundary y-phase, as shown
in the WZ (Figure 10b,d). The WA side laths, nucleating from grain boundary y-phase,
form along grain morphologies orientations in the « matrix. Ramirez et al. [44] reported
that the WA forms at a temperature range of 650—800 °C. The IGA nucleates within «
grains (Figure 10d,e). It also maintains a crystallographic orientation with the x-phase.
The IGA grains are finer compared with the GBA and WA grains. These microstructure
features are mainly considered the microstructures of 2205 DSS welded by fusion welding
techniques, as reported in many previous works [2]. Figure 9 is simple and consists of fine
recrystallized ferrite and austenite. The microstructure after GTAW, shown in Figure 10,
is quite complex and consists of different austenite morphologies such as GBA, IGA, and
coarse ferrite grains with a continuous network of austenite.

Figure 9. Optical microstructure of the FSWed 2205 DSS butt joint using the V-shaped groove with
root face: (a) BM, (b) SZ/TMAZ/HAZ on the advanced side, (c) SZ, and (d) SZ/TMAZ/HAZ on the
retreating side.
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Figure 10. Optical microstructure of the GTAWed 2205 DSS butt joint using the V-shaped groove
with root face and root gap: (a) BM, (b,c) WZ/HAZ/BM at high and low magnifications, respectively,

(d—f) WZ.

3.4. XRD Assessment

Figure 11 shows the X-ray diffraction patterns of the FSWed and GTAWed butt joints
of the 2205 DSS. Only peaks of o and y phases can be seen. It seems that sigma phase (o)
was not found in the WZ for both joints or its amount may be lower than 5%, which is
well-known to be the detection average limit by XRD. It should be mentioned that o was
also not observed in microstructures’ investigation. It was reported that [13,45] the weld
thermal cycle of DSS has a crucial influence on the o-phase precipitation. The o-phase is
normally formed after long holding times at temperatures from 650 to 950 °C.
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Figure 11. XRD patterns of the 2205 DSS FSWed joint produced using a 60° V groove with root face
and GTAWed butt joints.
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3.5. Measured Austenite Content

Figure 12 shows the v content measured using the ferrite-scope type of FERITSCOPE
MP30 across the 2205 DSS welded joints produced by GTAW and FSW techniques. The
v-phase contents in BM, HAZ, and WZ of the 2205 DSS GTAW welded joint are 49%, 46%,
and 59%, respectively, as given in Figure 12. It can be noted that the y-phase percentage
in the WZ of the 2205 DSS joint is 59%, which is higher than the BM. This increase in
Y-phase can be ascribed to the use of filler rod ER2209 during the 2205 DSS GTAW method,
containing higher Ni than the 2205 DDS BM [46]. Moreover, the y content in HAZ is 46%,
which is slightly less than that of BM. This decrease in y-phase percentage can be attributed
to the heating/cooling cycle during the GTAW process [46]. The 'y-phase content of the SZ
in the 2205 DSS welded joints using FSW is shown in Figure 12. The y-phase contents are
54% across the SZ and 51% across the HAZ/TMAZ zone, which is slightly higher than that
of the BM. The increase in the 'y-phase content in the SZ is ascribed to the exposure to the
high temperature during the FSW process at the applied welding conditions of 300 rpm
and 25 mm/min. This high-temperature exposure has resulted in the transformation of a
portion of the a-phase into y-phase upon cooling [47]. It can be said that the &/ ratios in
the weld zone are more suitable for joints welded by FSW than by GTAW.
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Figure 12. Austenite contents (%) in microstructural zones of the FSWed joint produced using a 60°
V groove with root face and GTAWed 2205 DSS obtained using a ferrite-scope type of FERITSCOPE
MP30. Note: for the FSWed sample, WZ represents the SZ and HAZ represents both TMAZ/HAZ.

3.6. EBSD Investigation

Figure 13 shows the phase-colored maps (austenite in green and ferrite in red) for the
base material (a and b) and the stir zone of the FSWed joint produced using a 60° V groove
with root face (c) with high angle boundaries (HABs) >15° in black lines superimposed. It
can be observed that the base material microstructure consists of highly elongated grains
of both ferrite matrix (red) and austenite islands (green) with volume fractions of 0.46
and 0.54, respectively, as indicated on the map. It should be noted here that the volume
fraction is slightly changed after changing the data acquisition step size as after using
0.5 pm step in (Figure 13b), it becomes 0.49 and 0.51, respectively, which almost reaches
the ideal phase fraction of 1:1. The elongated ferrite grains are more continuous while
the elongated austenite grains are divided into more fine grains with HABs. Figure 14
shows the grain size distribution of the base material austenite (a) and ferrite (b). It can
be observed that the austenite has almost random distribution and grain size ranging
from 3 pm up to 22 um with an average of 6.5 pm. While the ferrite has non-random
distribution and wider grain size range from 3 pm up to 60 pm with an average of 7.2 pm.
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Figure 13c shows the phase-colored map for the NG zone after FSW. Clearly the grain
morphology in the NG zone is completely different than that observed in the base material.
Significant grain refining can be observed with equiaxed grain morphology for both ferrite
and austenite. The stir zone in the FSW experiences very high degree of plastic strain at
high temperatures both generated by the FSW tool stirring of the material surrounding
the tool [19,48]. This condition has resulted in a dynamic recrystallization process to take
place in the stir zone and the formation of the equiaxed fine grain structure. The grain size
distribution after FSW is shown in Figure 14c,d for austenite and ferrite phases, respectively.
Both phases show grain size random distribution with range between 1.2 ym to 4.7 um for
austenite with an average of 1.88 pm and 1.2 to 6 pm for the ferrite phase with an average
of 2.2 um. The volume fraction of the two phases are 0.62 and 0.38 for austenite and ferrite,
respectively. It can be noted that there is an increase in the austenite percentage in the stir
zone, which is consistent with the obtained result using the ferrite—scope device with slight
higher percentage obtained using EBSD. This might need a smaller step size to reduce the
percentage austenite, as observed when two different step sizes are used in the case of
BM. The results obtained in terms of grain refining and the percentage of phases are in
agreement with the results reported in the literature [49].
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Il Ferrite  0.461
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Figure 13. Phase-colored maps (austenite in green and ferrite in red) for the base material (a,b) and the FSWed joint stir

zone (c) with the high angle boundaries (HABs) >15° in black lines superimposed. The data in (a) is obtained using a 1 um

step size while the data in (b,c) are obtained using a 0.5 um step size.

140



Materials 2021, 14, 4597

Grain Size {diameler) Grain Size {diameter)

( ) o

Average =6.5 £3.4 um o Average =7.2 7.4 um
[ X
s
0.07
'1% 0.061
E 0.05]
0,04
oz
002
001

304 4

o7 B % 10 1L 12 03 14 15 16 17 18 19 20 21 22 &3 24 19 20 ¥ 28 29 1w 0 30 0 50 ol
Grain Size [[Nameter) [microns | Grain Size [Diameter) |microns |

Grain Siee (diameter )

Average =1.88 0.6 pm

Lrain Size (Liamerer) [Microns] Grain Size [Diameter) |micons.|

(d ) Gain Size {diametan )
[E:

Average =2.2 10.88 um

3 4 2 3 4 Bl [}

Figure 14. Grain size distribution of BM (a) austenite, (b) ferrite and NG of FSWed joint (c) austenite, (d) ferrite.

From the misorientation angle distribution shown in Figure 15, it can be noted that
the BM is dominated by HABs with non-random distribution for both phases, austenite
(a) and ferrite (b). A high density of twin boundaries at 60° can be observed in the
austenite, as it can also be observed in the GB maps superimposed in Figure 13. After FSW,
both phases (c) austenite and (d) ferrite misorientation angle distributions show random
distribution, which is the typical distribution of the recrystallized material. The density of
twin boundaries in the austenite can still be observed at the same misorientation angle of
around 60°.

Crystallographic texture before and after FSW is presented in Figure 16 as 001, 101,
and 111 pole figures (a,b for BM austenite and ferrite, respectively), (c,d for FSWed NG
zone austenite and ferrite, respectively). Both austenite and ferrite of BM show the typical
fce and bcec rolling texture with more strong texture (~ 11 times random) in case of the
ferrite than that of the austenite (~ 4 times random). After FSW, the texture for both phases
is weak, with only about two times random, resembling the shear texture of both phases.

141



Materials 2021, 14, 4597

(@)..

Mumber Fraction
S

Misorientation Angle

(b)

0 40 0 60 10 w 30 a 30 o0
Misorientation Anghe [degraes) Misorientation Angle [deqrees]

i

137 guuﬁ'

1 2 "."5:

1 nody
s 102)

| |l||""|| I | ||I| |
ool o W -.I I X . . o0 l I

10 0 30 40 50 60

Mesarientation Angle

(d) Misorientation Angle

s
2

e
2

Misorientation Angle [degrees] Misorientation Angle [degr «,.,]

Figure 15. Misorientation angle distribution of BM (a) austenite, (b) ferrite and NG of FSWed joint (c) austenite, (d) ferrite.

3.7. Hardness Distribution

Figure 17 exhibits the variation of hardness across the 2205 DSS butt joints welded
by (a) FSW and (b) GTAW. In general, it can be seen that the hardness values in the WZ of
FSWed joint is higher than that of the joint welded by the GTAW process. For the FSWed
joint, it can be seen from Figure 17a that the hardness reaches a maximum value of 280 HV at
the SZ and gradually decreases by passing from TMAZ and HAZ to be 260 HV and 250 HV,
respectively. The severe plastic deformation accompanied by the maximum temperature in
the SZ during the FSW process leads to the most effective microstructure modification in
terms of grain refining (Figure 9c) due to dynamic recrystallization [35,50], which justifies
the highest hardness value in this region. In the TMAZ, lower plastic deformation and
temperature are introduced during the FSW, leading to less grain refinement and lower
hardness values. In HAZ, deformation is absent, and the DSS material only undergoes a
thermal cycle [51]. This validates the lowest hardness values close to that of the BM in this
region. For the GTAWed joint, it can be seen from Figure 17b that the hardness reaches
a maximum value of 265 HV at the WZ and gradually decreases by passing from HAZ
and BM to be 250 HV and 240 HYV, respectively. The fluctuation in hardness values can be
ascribed to the microstructural features observed [13]. The existence of more intergranular
v (Figure 10d) enhances the hardness of WZ [52], while the presence of much coarser «
grains decreases the hardness of HAZ. The same trends were obtained in other works [46].
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3.8. Tensile Properties

Figure 18 shows the tensile properties in terms of yield stress (Ys), ultimate tensile
stress (UTS), and elongation (E%) of the welded joints by FSW and GTAW processes
compared to the BM. It is obvious that the FSWed joints have much higher tensile properties
(Ys, UTS, and E%) than that given by both GTAWed joints and the BM. This is in agreement
with the measurements of hardness shown in Figure 16. It can be seen in Figure 17 that the
Ys, UTS, and E% of FSWed joints are enhanced over the BM by 65%, 33%, and 54%, and
over the GTAW weldments by 21%, 41%, and 66%, respectively. This enhancement of the
tensile properties is mainly ascribed to the main features of grain modification during the
FSW process [53]. Ghadar et al. [38] reported significant improvement of ultimate tensile
strength and fracture strain for friction stir processed 3.5 mm 2205 DSS and ascribed this
enhancement in tensile properties to the grain refining. It can be said that the grain size in
the WZ is a dominant factor governing mechanical properties. Furthermore, only around
16% improvement in the Ys is detected for the GTAWed joints over the Ys of the BM with
no remarkable increase in the UTS. This enhancement in yield stress may also be ascribed
to the grain refining in the WZ [42].
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Figure 18. Tensile properties of DSS 2205 base material and FSWed joint produced using a 60° V
groove with root face and a GTAWed joint.

4. Conclusions

The effect of groove joint design on the microstructure and mechanical properties of
6.5 mm plates butt joints 2205 DSS welded by FSW and GTAW techniques were examined
and evaluated. The following conclusions can be drawn:

1.  The FSW used to weld 2205 DSS of 6.5 mm thick with groove filling is shown to
be feasible.

2. The optimum groove design to produce a sound joint with groove filling is the
V-shaped with 60° groove angle and 2 mm root face.

3. The use of the groove in the butt joint of DSS 2205 extended WC tool life due to the
reduction in tool resistance forces during plunging and welding.

4. The heat input and 2209 filler rod used in the GTAW process produce different y-
phase morphologies, such as GBA, IGA, and WA, besides the « phase in the WZ. In
comparison, the friction stir weld has only two-phase microstructures: « and y with
significant grain refining.

5. The /v ratio in the weld zone is influenced by welding techniques (solid-state
welding and fusion welding) and their parameters in terms of welding temperature,
joint groove design, and the presence or absence of filler rod. Compared with the
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BM that attains an o/7y ratio of 51/49, GTAW promotes a ratio of 41/59 while FSW
produces a ratio of 44/56.

6.  Grain refining in the NG zone of the FSWed joint has been quantified to be 1.88 um
for austenite and 2.2 um for ferrite from about 6.5 pm and 7.2 um in the BM
phases, respectively.

7. Significant hardness improvements have been detected for the weld joint produced
by FSW than that produced by GTAW.

8.  The FSWed 2205 DSS butt joint shows higher tensile properties than both BM and
GTAWed joints. The Ys, UTS, and E% of the FSWed joint are enhanced over BM by 65%,
33%, and 54%, and over the GTAW weldment by 21%, 41%, and 66%, respectively.
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Abstract: Recently, friction stir welding of dissimilar materials has emerged as one of the most
significant issues in lightweight, eco-friendly bonding technology. In this study, we welded the
torsion beam shaft—an automobile chassis component—with cast aluminum to lighten it. The study
rapidly and economically investigated the effects of friction stir welding and process parameters for
A357 cast aluminum and FB590 high-strength steel; 14 decomposition experiments were conducted
using a definitive screening design that could simultaneously determine the effects of multiple
factors. Friction stir welding experiments were conducted using an optical microscope to investigate
the tensile shear load behavior in the welding zone. In addition to understanding the interactions
between tool penetration depth and plunge speed and tool penetration depth and dwell time, we
investigated and found that tool penetration depth positively affected the size of the hooking area
and contributed to the stabilization and size reduction of the cavity. The experimental results showed
that the plunge depth and tool penetration depth effects were most important; in this case, the plunge
depth negatively affected the magnitude of tensile shear load, whereas the tool penetration depth
had a positive effect. Therefore, when selecting a tool, it is important to consider the plunge depth
and tool penetration depth in lap welding.

Keywords: friction stir lap welding; definitive screening design (DSD); tensile shear load; tool
penetration depth; plunge depth

1. Introduction

Recently, environmental protection and energy-saving strategies—including weight
reduction and miniaturization—have emerged as critical issues in the automobile and other
industries [1-3]. Reducing a vehicle’s weight improves its overall performance and fuel
economy; therefore, replacing steel with Al alloys is a possible alternative. However, the
complete replacement of steel with Al alloys has technical limitations, such as the fact that
Al alloys do not have finite fatigue limits. The high strength, excellent creep resistance, and
formability of steel and the low density, high thermal conductivity, and excellent corrosion
resistance of aluminum alloys can be combined into one hybrid structure. There are four
main aspects of the bonding difficulty [4]. The current welding methods—such as low
energy input fusion welding and brazing—can induce the formation of an intermetallic
compound (IMC) layer with a certain thickness. The evolution of brittle IMCs, which
are generated during the interfacial reaction between solid steel and liquid aluminum,
can significantly influence the mechanical properties of Al/steel joints. Therefore, new
methods must be developed to realize the rapid development of dissimilar aluminum
alloy and steel welding [5]. Invented and patented in 1991 by The Welding Institute
in Cambridge, UK, friction stir welding (FSW) is an energy-efficient, environmentally
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friendly, and versatile bonding technology [6]. FSW is a solid-state bonding method that
has low thermal deformation and high bonding efficiency in joining dissimilar materials
such as aluminum and steel. Because of its eco-friendliness and economic benefits, it
is actively being introduced to the manufacture of automobile parts. A coupled torsion
beam axle (CTBA) is installed at the rear end of a vehicle, connecting the tire to the
body. This component absorbs vibrations or shocks on the road surface to improve ride
comfort, supports braking and lateral forces received from tires, and adjusts the roll angle
of the vehicle when cornering with torsional stiffness of the body [7]. In automobiles
and other areas, the two materials must be combined efficiently to replace steel with Al
alloys. Park et al. [8] investigated and found that proper mixing of materials occurred in
the nugget region when the stronger base material was placed on the advancing side in the
butt joint of Al and Steel. As an applied study of dissimilar Al and steel FSW, Park et al. [9]
performed FSW between a 3 mm thick A357 cast Al flat plate and FB590 high-strength
steel flat plate and reported achieving 72.8% strength compared to the Al base material. A
characteristic feature of lap FSW (FSLW) is the geometric defect called a “hook” that occurs
at the interface of two weld sheets. FSW is a complex thermomechanical process; the final
performance—including mechanical strength—of FSW joints is closely related to the tool
geometry and welding parameters.

To reduce defects and increase the mechanical strength of these FSW joints, many
researchers have conducted studies on tool shape and process parameters [10-19]. Research
has also been conducted on the importance of the tool shoulder [20-26]. Trimble et al. [20]
considered the effect of tool shape and rotational speed on the AA2024-T3 flat plate ma-
terial. The results indicated that it is possible to achieve good weld quality at speeds up
to 355 mm/min by welding with a scroll shoulder and triflute pin at a rotational speed of
450 rpm. The recently developed “scroll”’-shaped tool shoulder is particularly desirable for
curved joints. Trueba Jr. et al. [21] reported that the FSW tool shoulder with a raised helical
design produces the best welds in terms of surface quality and mechanical properties in
butt-welded aluminum 6061-T6 plates using six differently designed tools of Ti-6Al-4V
material. Research has been conducted on process-parameter-related tools to reduce defects
and increase the mechanical strength of FSW joints [27,28]. The normal force must be varied
in the following four stages: tool plunge stage, dwell stage, welding stage, and tool retreat-
ing stage. Process parameters affect the normal force and temperature in FSW processes.
In addition to tools, research has been conducted on process parameters to reduce defects
and increase the mechanical strength of FSW joints [29-34]. Baskoro et al. [29] conducted
experiments and analyses for plunge speeds of 2, 3, and 4 mm/min and dwell times of 0,
2, and 4 s in the high-speed micro-friction stir spot welding (LFSSW) of Al A1100 with a
thickness of 0.4 mm and revealed that a dwell time of 2 s was the most important welding
parameter in the uFSSW process. Li et al. [30] investigated the correlation between mi-
crostructure and mechanical properties by performing FSSW at a plunge depth of 0.1 mm
with a dwell time between 1 and 9 s on dissimilar lap joints of 2 mm thick 1060 aluminum
and T2 copper plates. At shorter dwell times, a discontinuous layer of CuAl, forms and
mixes with the CuAl formed at the interface due to insufficient heat input. Longer dwell
times can lead to higher peak temperatures but lower plunging forces and torques. They
are characterized by the formation of a continuous CuAl,-CuAl-Al4Cug stacked layer at
the interface, resulting in microcracks. They also reported the need for an appropriate
dwell time. Zheng et al. [31] reported that the pin failed at low loads that did not reach the
nickel alloy surface; in contrast, the maximum tensile shear strength of the lap joint was
obtained at a plunge depth of 0.3 mm and reached 7.9 kN. The plunge depth of the joint was
determined to have a significant effect on the strength of FSW lap joints of Al alloy (2A70)
and nickel-based alloys through experiments at various plunge depths from 0 to 0.5 mm.
Devanathan et al. [32] investigated the effect of plunge depths of 0 and 0.2 mm and reported
that increasing the plunge depth reduced mechanical performance, leading to defective
welds in 6063Al butt welding; their study used a single tool with a shoulder diameter of
24 mm, pin diameter of 4 mm, and pin length of 5 mm. Wei et al. [33] performed FSLW of
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a 3 mm thick Al (1060Al) sheet and a 1 mm thick stainless steel (SUS321, austenite) sheet
using a 6 mm diameter pin, with an insertion depth of 2.8 and 3.2 mm, and found that the
greater the tool penetration depth, the greater the tensile strength. Regensburg et al. [34]
investigated hooking and IMC formation with the pin lengths at the junctions being 1.8,
2.0,2.2,24, and 2.6 mm at the lap joint of EN AW1050/CW024A material with a thickness
of 2 mm. It was found that plunging into the lower copper sheet of about 0.2 mm by a pin
length of 2.2 mm yielded the highest breaking load. The further increase in pin length led
to the formation of hooking defects, which resulted in void formation at the interface and
failure within the thin aluminum sheet area. However, the effect of plunge depth and tool
penetration depth could not be considered simultaneously. FSLW is more difficult than
butt FSW. Many studies have been conducted on FSLW between Al alloys [11,13,28,34].
Significant research has been conducted on FSLW of Al-Mg [12], Al-Cu [30,35], AI-Ni [31],
etc.; however, in practical cases, many studies have been conducted on FSLW of Al alloy
and steel [5,9,33,36-39]. Choy et al. [37] performed FSW of 3 mm thick A357 cast Al pipes
and FB590 high-strength steel to investigate the significance of the influence of process
parameters. As a result, the plunge depth effect was most dominant. However, it was not
possible to isolate the effects of plunge depth and tool penetration depth using a single tool.
Because FSLW is a different structure from butt FSW, geometrical defects occur [11,34,39,40].
FSW of pipes is tedious owing to its complex geometry, and therefore, research papers are
rare. The butt FSW between Al alloy pipe [41-46] and butt FSW between steel pipes are
mainly performed [47,48]. Choy et al. [37] performed FSLW of 3 mm thick A357 cast Al and
FB590 high-strength steel pipes. Two-factor analysis has been used to identify the factors
that affect characteristic values using the design of experiment (DOE) method [49,50].

In previous research, although it was possible to conduct experiments on some of
the individual factors, it was difficult to conduct experiments on the relative importance
of multiple process factors, owing to time and cost. However, DSD is an innovative
experimental method that can reduce time and cost, enabling researchers to select and
test the relative importance of multiple process factors. Choy et al. [37] reported the effect
of each process factor on tensile shear load (TSL) by performing FSW based on the DSD
experimental design for five process factors with three levels for the lap joint of each
3 mm thick pipe-shaped A357 cast Al and FB590 high-strength steel, using a tool of a
single dimension. However, the change in the plunge depth affects the tool penetration
depth owing to the experiment with a single dimension tool pin; hence, the exact effect
of the plunge depth cannot be obtained. Most studies to date have attempted to establish
correlations between post-welding properties and the main FSW process variables, welding
speed, and tool rotation speed, and one or two individual variables. Additionally, studies
on the correlation of multiple process variables are limited.

Therefore, this study considers the influences on the TSL at the time of dissimilar
FSLW bonding of pipe-shaped A357 cast Al and FB590 high-strength steel. To isolate the
mutual effect of plunge depth and tool penetration depth, which were not considered at all
in previous papers, four types of tools with different pin lengths according to the number
of levels were selected and tested accordingly. To investigate the relative importance of
a number of process factors, which were rarely addressed in previous papers, the DOE
method of DSD was adopted to examine the selection of the multiple process factors for
TSL, their relative importance, and the effects of linear and curved relationships. Minitab
(Ver. 19, Minitab Ltd., State College, PA, USA) was used for DSD design. In addition, the
characteristics of the microstructure and TSL were evaluated according to factor 6 and level
3 (depth of plunge was level 2 [51]).

2. Experimental Preparation and Design Methods
2.1. Materials and Tools

The pipes used in this experiment were A357 cast Al and FB590 high-strength steel.
The chemical composition of each material is shown in Table 1 [9]. The test specimen,
A357 cast Al pipe, was manufactured to have an outer diameter of 111 mm, length of
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155 mm, joint thickness of 3 mm, and non-joint thickness of 6 mm. A357 cast Al pipe is
subjected to T6 heat treatment after casting and surface treatment through shot peening.
FB590 is a high-strength steel pipe with an outer diameter of 105 mm, length of 110 mm,
and thickness of 3 mm. Before welding, the aluminum oxide layer of the aluminum alloy
was removed with a brush and sandpaper. The two materials were joined by FSLW, as
illustrated in Figure 1. Figure 1a shows the four stages of the FSW process, and Figure 1b
shows the plunge depth and tool penetration depth of FSLW. The FSW process is primarily
classified into four stages: the plunge stage, where the tool descends to the depth of the
workpiece; the dwell stage, where the tool stays to provide a constant temperature; the
welding stage to join the workpiece; and the retreating stage, where the tool exits after
welding is finished.

Table 1. Chemical composition of FB590 (high-strength steel) and A357 (cast Al) pipes [9].

Material C Si Mn P S Cr Ni
FB590 0.076 0.094 1.472 0.013 0.001 0.019 0.008
Material Si Mg Cu Zn Fe Mn Ti
A357 6.937 0.507 0.034 0.017 0.181 0.007 0.116
Fmommmmmmmmm - ittt
| FSW tool | € - Y | Tool rotational i
““““““ \ | direction |
s
I | +
‘ 1. Plunge stage | ‘ i I 4 Retreating stage ‘
i i
\d |
‘ 2. Dwell stage ‘ 3. Welding stage |

Plunge depth Section A-A

Penetration depth

(b)

Figure 1. Schematic of FSW experimental configuration. (a) Four stages of FSW process; (b) plunge
depth and penetration depth of FSLW.
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During the FSW process, heat is generated by friction between the tool and the
workpiece, which causes plastic deformation of the workpiece [52]. While the heat softens
the material in the shear layer around the tool, the plastic material flow in the shear layer
produces localized viscous dissipation heat energy. The combination of the tool rotation
and translation leads the softened material to flow from the front of the tool (advancing side
(AS)) to the back of the tool (retreating Side (RS)), where it is forged into a joint. In the FSW
process, both the heat generation and material flow have crucial effects on the metallurgical
characteristics and mechanical properties of the weld joints [53,54]. Furthermore, the
preheating effects of the plunge and dwell stages significantly affect the welding force
and tool wear [16]. Moreover, the plunge depth and tool penetration depth due to the
pin length of the initially selected tool have important effects on welding force and tool
wear. Therefore, a complete understanding of both the heat generation and material flow at
different stages of the FSW process is imperative in optimizing the process and controlling
the microstructures and joint properties.

The experimental device, shown in Figure 2a, comprises a Winxen milling device that
supplies the rotational force of the spindle up to 2000 rpm, a chuck that fixes both sides
of FB590 high-strength steel and A 357 cast Al pipe for FSW processing, and a fixing jig
consisting of supporting bearings to secure both sides of the FB590 high-strength steel
and A357 cast Al pipes for welding. Figure 2b shows the tool used in the FSW processing
and the enlarged picture of the scroll shape of the shoulder used to investigate the effect
of plunge depth and tool penetration depth. The material and shape dimensions of the
tool were selected through a literature review and experiments. The material of the FSW
tool was manufactured using W-Ni-Fe alloy, which is a type of heavy alloy. The tool’s
pin was processed into a threaded shape with cylindrical tape, and the tool’s shoulder
was processed into a parallel scroll shape to increase the z-axis vertical force, improving
frictional heat and stirring during the FSW joining process.

[CTBA]

Shank

~

Collar

N

Shoulder
Casting trailing arm\
Material : A357 l

> 2 1 .
A —— .
(Highlstrengthisteel); (Castlaluminum);

[Specimen]
(a) (b) ()

Figure 2. Overall configuration of FSW experiment. (a) Photograph of experimental equipment;
(b) tool and close view of shoulder; (c) CTBA and pipe specimen.

The shoulder, pin root, and pin diameter of the tool are 10, 5, and 4 mm, respectively.
To exclude the correlation between plunge depth and tool penetration depth, four types of
tools with a pin length of 2.5, 3, 3.5, and 4 mm were used.

The experiment was conducted by selecting a tool with a pin length according to
the plunge depth and tool penetration depth according to the order and levels of the
experiment. Figure 2c shows a CTBA, which is the rear wheel suspension of a vehicle,
composed of a trailing arm made of casting (cast Al) and a stamping torsion beam made
of high-strength steel; also shown is the pipe specimen for the experiment—a part of the
trailing arm and a part of the stamping torsion beam are separated.
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2.2. Definitive Screening Design and Analysis

The DOE table of DSD has 2m + 1 runs for m factors plus m pairs of fold-overs and
total centroids. Each run (except all centroids) has a centroid at exactly one factor level,
and all other factor levels are designed at the vertices [51,55]. Using the design structure of
DSD, a DOE was performed with 14 runs with six factors. Table 2 shows the factors and
the number of levels for the DSD.

Table 2. Process parameters (factors) and their levels.

Factors Tool Welding Plunge Dwell Plunge Penetration
Speed Speed Speed Time Depth Depth
Level (rpm) (rpm) (mm/min) (s) (mm) (mm)
— 1700 0.10 5 3 0 0
0 1800 0.15 7 5 - 0.5
+ 1900 0.20 9 7 0.5 1

The following FSW process factors were selected: a tool rotation speed of 1700-1900 rpm,
pipe welding speed of 0.1-0.2 rpm, plunge speed of 5-9 mm/min, dwell time of 3-7 s,
plunge depth of 0-0.5 mm, and tool penetration depth of 0-1.0 mm. Among the number
of levels for the six important factors, only the plunge depth was set to two levels, and
all others were set to three levels; the microstructure and TSL characteristics of the joint
were evaluated by performing DOE with a standard number of runs of 14 using the DSD
method. For structural observation and evaluation of mechanical properties of the joint,
tensile test specimens and microstructure observation specimens were prepared through
wire processing. The test specimen of TSL was manufactured according to the ASTM E8
standard, and TSL was measured using a tensile tester (AGS-X Shimadzu, Japan). The
microstructure observation specimen was polished and then observed through an optical
microscope (KH-8700, HIROX, Japan).

3. Results and Discussion
3.1. Tensile Shear Load Characteristics of Dissimilar Friction Stir Joints

The tools that have an important influence on the FSW characteristics of A357 cast
Al and FB 590 high-strength steel pipes were selected through preliminary experiments
with reference to the cited papers. Among the process variables that have an important
influence—other than tools—six factors were selected as the factors affecting the TSL of
dissimilar materials for FSLW, including those not selected by the previous researchers in
the experimental plan. Table 3 shows the results of TSL after FSLW of dissimilar materials;
in the case of A357 cast Al raw material, the maximum TSL was 7912 N. The highest TSL
was 2672.21 N under the conditions of a tool rotational speed of 1800 rpm, welding speed
of 0.2 rpm, plunge speed of 5 mm/min, dwell time of 3 s, plunge depth of 0 mm, and tool
penetration depth of 0 mm. The TSL value was 897.35 N under the conditions of a tool
rotational speed of 1900 rpm, welding speed of 0.2 rpm, plunge speed of 7 mm/min, dwell
time of 7 s, plunge depth of 0 mm, and tool penetration depth of 0 mm. In the study by
Choy et al. [37], a TSL value of 3500-4500 N could be obtained by using a single tool with a
pin length of 3.3 mm and adding the normal force due to the plunge depth.
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Table 3. Experiment level with run order.

Weldin Plunge . Plunge Penetration Tensile
No. Tool Speed Speedg Speegd Dwell Time Dep’:gh Depth Shear Load
(rpm) (rpm) (mm/min) (&) (mm) (mm) (N)
Symbol A B C D E F TSL
1 1900 0.2 5 3 0.5 0.5 1440.28
2 1800 0.15 7 5 0.5 0.5 1414.87
3 1800 0.2 9 7 0.5 1 1112.12
4 1900 0.2 7 7 0 0 807.35
5 1700 0.1 9 7 0 0.5 860.50
6 1800 0.15 5 5 0 0.5 1779.25
7 1900 0.15 5 3 0 1 2000.99
8 1700 0.15 7 7 0.5 0 0
9 1700 0.2 7 3 0.5 0 1238.16
10 1900 0.1 5 5 0.5 0 0
11 1900 0.1 5 7 0 1 2034.85
12 1900 0.1 7 3 0.5 1 1182.08
13 1800 0.1 5 3 0 0 2677.21
14 1700 0.2 5 5 0 1 1984.72

3.2. Definitive Screening Design Model and Main Effect Plot

The model summary in Table 4 shows how well the model explains the observed
response variation through process variables with R-Square and R-Square (modified)
representing 96.90% and 93.27%. The error (%) of the pre-correction model is 100 (%) —
[R-sq] (%) = 3.10 (%) and the error (%) of the modified model is 100 (%) — [R-sq (adj)]
(%) = 6.73 (%). The ANOVA table in Table 5 shows the influence of the model terms on
the response variable, and statistical significance or influence is judged by the F-statistic
and P-value. The appropriate TSL model is a hierarchical model with a small error under
the significance level of 10%, and important factors were selected by the DOE method
of the DSD step. The influence of the factors on TSL was determined using the coded
coefficients and F-statistics and P-values of ANOVA. The regression equation of the TSL
value in uncoded units is expressed as Equation (1):

TSL =1193 +916 x C —483.1 x D —406.1 x E-3370 x F —80.0 x Cx C+1947 x C x F+5126 x Dx F (1)

where C is the plunge speed, D is the dwell time, E is the plunge depth, and F is the
tool penetration depth.

Table 4. Model summary.

S R-sq R-sq (adj) R-sq (pred)
197.261 96.90% 93.27% 81.18%

Figure 3 shows the main effect plots for the tensile shear load. This figure shows the
average value of tensile shear load according to the number of levels of each of the six
factors—tool rotational speed, welding speed, plunge speed, dwell time, plunge depth,
and tool penetration depth.
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Table 5. Analysis of variance.

Source DF Adj SS Adj MS F-Value p-Value
Model 7 7,287,025 1,041,004 26.75 0.000
Linear 4 5,644,173 1,411,043 36.26 0.000
Plunge speed 1 432,946 432,946 11.13 0.016
Dwell time 1 1,995,350 1,995,350 51.28 0.000
Plunge depth 1 2,111,423 2,111,423 54.26 0.000
Penetration depth 1 749,284 749,284 19.26 0.005
Square 1 237,734 237,734 6.11 0.048
Plunge speed x 1 237,734 237,734 6.11 0.048
Plunge speed
Two-way interactions 2 1,638,507 819,253 21.05 0.002
Plunge speed x
Penetration depth 1 280,384 280,384 7.21 0.036
Dwell time x
Penetration depth 1 1,603,050 1,603,050 41.20 0.001
Error 6 233,471 38,912
Total 13 7,520,496
Main effects plot for tensile shear load (TSL)
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E 2000 - ’\
3 1800 - . \\ \
= 1600 - v 9 \
S 1400 - | 1 \\ AN \\
= . . N \
£ 12001 \ \\ \.
= 1000

75 9030 50 70 00 05 00 05 10

A gray background represents a term not in the model.
Figure 3. Main effect plots for tensile shear load.

At a given level, it is possible to screen for factors that do not affect TSL with DSD.

Tool rotational speed (A) and welding speed (B) are grayed out in the main effects
plot in Figure 3 as they have no effect at any given level. Therefore, the tool rotational
speed (A) and welding speed (B) are excluded from the process of finding the maximum
value of TSL, and the maximum value of the TSL is found as the remaining four factors
that affect it. At a given level, the plunge speed is indicative of the curvature, which is
optimal. It was found that dwell time and plunge depth had a negative effect, and only
the tool penetration depth had a positive effect. The desired result is high tensile shear
load, so the maximum TSL is achieved at a plunge speed of 6.5 mm/min, a dwell time
of 3.0 s, a plunge depth of 0.0 mm, and a tool penetration depth of 1.0 mm. This result
is inconsistent with the study by Zheng et al. [31], where the plunge depth of dissimilar
materials played an important role in the joint tensile strength and increased the maximum
breaking load. This does not separate the plunge depth from the tool penetration depth,
and the change in the tool penetration depth occurs simultaneously when the plunge depth
is changed, resulting in an overall increase in the load when the plunge depth is increased.
In addition, Li et al. [30] demonstrated that if the dwell time is short, microcracks occur
owing to insufficient heat input, and the hardness may decrease slightly if the dwell time is
long; however, the results do not significantly affect the tensile strength. However, this is a
result of welding in a steady state, and in the initial stage of welding, the longer the dwell
time and the lower the tensile strength. Baskoro et al. [29] presented a result different from
this, showing the optimum value at 6.5 mm/min within a given section; their investigation
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of the effects between process variables showed that the TSL increases as the plunge speed
decreases during Al thin plate welding. This is thought to be due to the difference between
single materials and dissimilar materials and the difference between butt FSW and FSLW.

3.3. Characteristics between the Factors of a Definitive Screening Design

Figure 4 shows the interaction for TSL. This is according to the interaction between
factors in the regression equation of the TSL of Equation (1). Figure 4a is a diagram with
the interaction between the plunge speed and the tool penetration depth (C x F) for TSL.
In the equation, it is expressed as a curved surface as an effect of the square term of the
plunge speed, and it can be seen that an optimal value exists within a given range. It shows
the positive effect of increasing TSL with increasing tool penetration depth over the entire
range at a given level. Figure 4b is a diagram of the interaction between dwell time and tool
penetration depth (D x F) for TSL, where TSL increases with increasing tool penetration
depth for dwell times greater than 4 s. On the other hand, when the dwell time is less than
4 s, it shows that the TSL decreases as the tool penetration depth increases.

Interaction plot for tensile shear load (TSL) Interaction plot for tensile shear load (TSL)
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Dwell time x Penetration depth
2000 2500+

—
<
o
S

[S)
=]
=3
=]

Mean of TSL (N)
I
S
|
)
[
[
Mean of TSL (N)
vl
V!
v‘/
1
/)
/o
I
I

12501 T~ - \\\ T~
™ 1000
1000+ .
Penetration depth ™ Penetration depth \
— 0.0 mm
— 0.0 mm AN \
7501 —— 0.5mm . 500 —— 0.5mm
--- L0mm \ --- 1L0mm N
500 T p i i I
5 6 7 8 9 3 4 5 6 7
Plunge speed (mm/min) Dwell time (s)
(a) (b)

Figure 4. Interaction plot for tensile shear load. (a) Penetration depth and plunge speed; (b) penetra-
tion depth and dwell time.

The plot also shows that the interaction between dwell time and tool penetration depth
(D x F) is relatively low for plunge speed and tool penetration depth (C x F) without
intersection. Figure 5 shows a contour plot for TSL, and in order to examine the effect of a
given factor, fixed values of the remaining factors were selected by considering the main

effects plot of Figure 3. Figure 5a shows the plane contour plot of the plunge speed and the
tool penetration depth for TSL.

Contour plot of tensile shear load vs.
penetration depth, plunge speed
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Figure 5. Cont.
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Contour plot of tensile shear load vs.
dwell time, plunge speed
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Figure 5. Contour plots of tensile shear load. (a) Penetration depth and plunge speed; (b) penetration
depth and dwell time; (c) dwell time and plunge speed.

A dwell time of 5 s and a plunge depth of 0 mm were chosen for the fixed values of the
remaining factors. On the contour plot, you can find the dwell time and tool penetration
depth that maximize the TSL. Over the entire range of a given plunge speed, TSL increases
with increasing tool penetration depth. Over the entire range of a given tool penetration
depth, TSL increases with increasing plunge speed and decreases after reaching a maximum
value. The high TSL value at low plunge speed and high tool penetration can also be seen
in the main effect plot in Figure 3. Figure 5b shows the plane contour plot of the dwell time
and the tool penetration depth for TSL. A plunge speed of 7 mm/min and a plunge depth of
0 mm were chosen from the main effects plots in Figure 3 as fixed values for the remaining
factors. On the contour plot, you can find the dwell time and tool penetration depth that
maximizes TSL. Over the entire range of a given tool penetration depth, increasing the
dwell time decreases the TSL; for dwell times of less than 4 s in a given range, the TSL
decreases with increasing tool penetration depth. For dwell times greater than 4 s in a
given range, TSL increases with increasing tool penetration depth. It can be seen that in a
given range, a maximum TSL value of about 2600 N appears at a dwell time of 3 s and a
tool penetration depth of 0 mm. Figure 5c shows a plane contour plot of plunge speed and
dwell time for TSL. A tool penetration depth of 0.5 mm and a plunge depth of 0 mm were
chosen from the main effects plots in Figure 3 as fixed values for the remaining factors.
On the surface plot, you can find the dwell time and plunge speed that maximize the TSL.
Over the entire range of a given plunge speed, increasing the dwell time decreases the
TSL. Over the entire range of a given dwell time, as the plunge speed increases, the TSL
increases, reaching a maximum value and decreasing again after reaching the maximum
value. The high TSL value at low dwell time and maximum plunge speed can also be seen
from the main effect plots in Figure 3. It can be seen that a maximum TSL of about 2450 N
in a given range appears at a dwell time of 3 s and a plunge speed of 6.3 mm/min.

Figure 6 shows a surface plot for TSL. In order to examine the effect of a given factor,
the fixed values of the remaining factors were selected in consideration of the main effect
plot in Figure 3. Figure 6a shows a three-dimensional surface plot of plunge speed and tool
penetration depth for TSL. A dwell time of 5 s and a plunge depth of 0 mm were chosen
for the fixed values of the remaining factors. On the surface plot, you can find the plunge
speed and tool penetration depth that maximize TSL. Over the entire range of a given
plunge speed, TSL increases with increasing tool penetration depth. It can be seen that at a
tool penetration depth of 0 mm, TSL increases with increasing plunge speed and decreases
after reaching a maximum of about 1800 N. It can be seen that at a tool penetration depth
of 0.5 mm, the TSL increases with increasing plunge speed and decreases after reaching a
maximum value of about 2000 N. It can be seen that at a tool penetration depth of 1 mm,
TSL increases with increasing plunge speed and decreases after reaching a maximum value
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of about 2200 N. A maximum TSL value of about 2200 N is achieved at a plunge speed of
7 mm/min and a tool penetration depth of 1.0 mm. Figure 6b shows a three-dimensional
surface plot of dwell time and tool penetration depth for TSL. A plunge speed of 7 mm /min
and a plunge depth of 0 mm were chosen from the main effects plots in Figure 3 as fixed
values for the remaining factors. On the surface plot, you can find the dwell time and tool
penetration depth that maximize the TSL. At a tool penetration depth of 0 mm, the TSL
decreases with increasing dwell time. It can be seen that at a tool penetration depth of
0.5 mm, when the dwell time increases, the TSL decreases to the folding point and increases
again after the folding point. At a tool penetration depth of 1 mm, the TSL increases with
increasing dwell time. At a dwell time of 3 s, the TSL is decreasing with increasing tool
penetration depth. At a dwell time of 5 s, as the tool penetration depth increases, the TSL
decreases to the folding point and increases again after the folding point. It can be seen
that at a dwell time of 7 s, increasing the tool penetration depth increases the TSL. It can
be seen that in a given range, a maximum TSL value of about 2500 N appears at a dwell
time of 3 s and a tool penetration depth of 0 mm. Figure 6¢c shows a three-dimensional
surface plot of plunge speed and dwell time for TSL. A tool penetration depth of 0.5 mm
and a plunge depth of 0 mm were chosen from the main effects plots in Figure 3 as fixed
values for the remaining factors. On the surface plot, you can find the dwell time and
plunge speed that maximize the TSL. Over the entire range of a given plunge speed, TSL
decreases with increasing dwell time. Over the entire range of a given dwell time, as the
plunge speed increases, the TSL increases, reaches a maximum value, and decreases again
after reaching the maximum value. It can be seen that a maximum TSL of about 2250 N in
a given range appears at a dwell time of 5 s and a plunge speed of 3 mm/min. In order to
examine the effect of a given factor, the fixed values of the remaining factors were selected
in consideration of the main effect plot in Figure 3.

Surface plot of tensile shear strength Surface plot of tensile shear load
vs. penetration depth, plunge speed vs. penetration depth, dwell time
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Figure 6. Surface plots of tensile shear load. (a) Penetration depth and plunge speed; (b) penetration
depth and dwell time; (c) dwell time and plunge speed.
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Optimal
D: 1.000

Tensile
shear load
Maximum
y=2775.49

d=1.000

The individual satisfaction function that maximizes the response d; is as follows.

di =0, yAi < Li (2)
@i —L)\" .
- <0< T
dl ((Tl _ Ll) 7 Ll — ]/z — Tl (3)
di =1, yAl’ > Ti (4)

where d; is the individual desirability of the i th response; 1j; is the expected response value
of the 7 th response; T; is the target value of the i th response; L; is the minimum value
of the i th response; r; is the weight of the desirability function of the i th response. The
composite desirability function D is expressed as Equation (5).

D= ([T@)™) ™ Lwi=w ©)

where w; is the importance of the i th response and Wis } W;.

If there is one response variable and the importance is set to 1 as in Equation (5),
individual desirability and composite desirability are the same. Figure 7 shows the reaction
optimization for TSL. Among the factors in Figure 3, the tool rotation speed (A) and
welding speed (B), which are factors that do not affect TSL, are not considered in the
reaction optimization of Figure 7. Therefore, the response optimization value of TSL is
found as the remaining four factors affecting TSL. The maximum and minimum levels
in the experimental range for each factor are shown, and the maximum value of TSL is
found within the combination of these four factors. Using the response optimization tool
and the overall satisfaction function = 1 in Equation (5), the optimal conditions for factors
maximizing TSL while satisfying the lower limit [2300 N] are shown. In the response
optimization analysis, the optimal values of the derived response variables of four factors
that satisfy the optimal conditions (mean TSL 2775.49 N, maximizing overall satisfaction
(1.0)) are shown. The optimum value of Cur for each factor maximizing TSL is at a plunge
speed of 5.7273 mm/min, a dwell time of 3.0 s, a plunge depth of 0 mm, and a tool
penetration depth of 0 mm. This value lies between the maximum and minimum values of
each factor level. It can be seen that the closer to the maximum value of the plunge speed,
the shorter the dwell time, the lower the plunge depth, and the deeper the tool penetration
depth, the closer the composite satisfaction is to 1 and the higher the TSL.

Plunge speed Dwell time Plunge depth Penetration depth
High 9.0 7.0 0.5 1.0
Cur [5-7273] [3.0] [0] [0.0]
Low 0 0.0
°®

Figure 7. Response optimization of tensile shear load.

3.4. Microstructure Characteristics of Friction Stir Welding Joint

Figure 8 illustrates a magnified view of the microstructure photograph of the FSLW
of the A357 cast Al and FB590 high-strength steel pipes and the region of interest around
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penetration depth.

the interface of the dissimilar material to observe the effects of the plunge depth and tool
penetration depth.

TMAZ HAZ | AS

-

Figure 8. Optical microscope image of the cross-section of lap joints and the dimensions of plunge depth and tool

The shape of the tool pin is indicated by a thick dotted line, and the interlayer is indi-
cated by a dashed-dotted line where A390 Al and FB590 high-strength steel are in contact.

The plunge depth represents the arrow gap between the outer diameter of the A390
Al pipe and the tool shoulder, and the tool penetration depth represents the arrow gap
between the boundary layer and the end line of the tool pin. After FSW, there is a stir zone
(SZ) around the center of the joint, a thermo-mechanically affected zone (TMAZ) in which
grains are increased by the plastic flow on the outside of the SZ, and a heat-affected zone
(HAZ) that is heat-affected but has no plastic deformation on the outside of the TMAZ.
These zones were observed to have a wider area width than the RS in the tool’s AS. In
the hooking area, it can be observed that some particles of the steel are raised toward
aluminum in a hook shape, indicating that the two materials are physically bonded, and
steel fractures are visible around the hooking area. Most of the steel fragments adhered
near to AS of the tool pin. In addition, it was observed that steel particles were deposited
away from the interface along AS, whereas they were near the interface along RS [40].
Surface defects such as weld flashes and surface grooves were observed at different plunge
lengths and tool penetration depths under experimental conditions. The volume of the
welding flash increased further as the welding progressed. Similar results were observed
by Das et al. [56]; that is, the penetration depth of the tool pin into the workpiece (also
known as the target depth) is important for producing a sound weld. They reported that
if the plunge depth of the tool is too shallow, the shoulder of the tool will not touch the
original workpiece surface, creating a weld with internal channels or surface grooves, and
if the plunge depth of the tool is too deep, the shoulder of the tool will enter the workpiece,
and cause excessive flash. In contrast, excessive flash and internal cavities were found with
and without plunge depth in this study.

Figure 9 shows the microstructure of the specimen after the friction stir test according
to the order determined by the corresponding test No. 1-14 for plunge depth and tool
penetration depth (a) 0 mm, 0 mm; (b) 0 mm, 0.5 mm; (c) 0 mm, 1 mm; (d) 0.5 mm, 0 mm;
(e) 0.5 mm, 0.5 mm; and (f) 0.5 mm, 1 mm, respectively. The picture was taken in the
direction of 90 degrees perpendicular to the progress direction of the welding part. Internal
welding defects occurred in most of the experimental areas. Major internal defects occur in
the form of wormholes, cavities, tunnel defects, and voids and are caused by the lack of
material to fill the cavity formed by the flash in the weld area. The cause of the internal
cavity is that the region where excessive heat is generated was selected in the process of
finding a region where external defects do not occur in different tool pin lengths. The
reason for choosing this experimental area is that it is reasonable to select it based on the
experimental area of the tool speed and welding speed of Choy et al. [37], where there were
no external defects using a tool with fixed single pin-length. In the process of selecting the
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Figure 9. Comparison of the plunge depth and penetration depth on the interface structure. (a) (0 mm, 0 mm) (test No. 13);
(b) (0 mm, 0.5 mm) (test No. 5); (c) (0 mm, 1 mm) (test No. 11); (d) (0.5 mm, 0 mm) (test No. 10); (e) (0.5 mm, 0.5 mm) (test
No. 2) (f) (0.5 mm, 1 mm) (test No. 12).

As a result, the FSW experiment was conducted in an area where excessive heat was
generated. The high heat generated in the weld excessively softens the material inside
the weld, and the plasticized material (caused by the continuous stirring action of the
tool) is expelled out of the weld in the form of a flash. This leads to the loss of material
for completely filling the cavity formed by the rotating tool and results in voids inside
the weld. As the process is continuous, the voids extend along the length of the weld to
form a tunnel defect. The flow of plasticized material in the FSW process occurs from
the advancing side to the RS toward the trailing edge of the tool. The heat and constant
rotation of the tool forge the plasticized material toward RS and deposits it in the RS, filling
the cavity formed around the tool. Consistent with Arbegast’s [57] results, internal weld
defects due to insufficient material for the trailing edge of the tool because of over-softening
under high-temperature conditions are observed. TSL is affected by plunge depth and
tool penetration depth. It was found that as the plunge depth decreased and the tool
penetration depth increased, the TSL value increased. On the other hand, according to the
geometrical characteristics of FSLW, in experiments No. 13, 5, and 11, a hooking part could
be found on the boundary layer, and it was found that the size of the hooking part was
affected by the tool penetration depth. Experiment No. 2 and 12 show that, owing to the
size and location of the cavity, the hooking part was formed following the shape of the
cavity from the boundary layer. However, in experiment No. 10, the hooking part did not
form. This seems to be the effect of the difference in the plunge depth when compared
with No. 13, which had a penetration depth of 0 mm. In No. 13, where the plunge depth is
0 mm, there is no flash effect by the plunge depth; hence, even if there is no penetration
depth, hooking occurs in the process of forming the joint by transmitting the rotational
force of the tool. In the case of No. 10, with a plunge depth of 0.5 mm, the material for the
hooking part disappears into the cavity, owing to the lack of material to fill the cavity due
to the flash effect by the plunge depth; hence, the effect of hooking does not appear. It can
be seen that the formation position of the cavity tends to form stably from a one-way bias
away from the center of the tool as the tool penetration depth increases and the size of the
cavity decreases.
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4. Conclusions

FSLW with pipe-type A357 cast Al and FB590 high-strength steel was investigated.
Optimized tools were used, and the tool rotational speed, tool welding speed, plunge
speed, dwell time, plunge depth, and tool penetration depth were selected among the
process variables; and the response was studied through the TSL values. After conducting
a total of 14 experiments with 6 factors and 3 levels (excepted for plunge depth, which had
2 levels), the following major results were obtained through tensile test measurements:

(1) Using DSD techniques, which allow for simultaneous identification of the effects
of multiple factors with low cost and time, we managed to identify the effects of various
process factors in addition to rotational and weld speeds—which are known as the most
important factors in FSW—and identified the factors affecting TSL.

(2) Among the process factors selected for the friction stir welding of pipe-type Al
and steel, the impact of flange depth and tool penetration depth was most significant to
TSL, and an independent relationship with no interaction between plunge depth and tool
penetration depth was identified. The plunge depth has a negative effect, and the tool
penetration depth has a positive effect on the magnitude of the TSL.

(3) The weak interaction effect between the plunge speed and tool penetration depth
and the strong interaction effect between the dwell time and tool penetration depth were
confirmed. The folding phenomenon of the interaction between tool penetration depth
and dwell time was found to have an opposite effect on TSL depending on the direction of
increase or decrease of the factor.

(4) The depth of tool penetration and plunge depth affected the cavity size; the tool
penetration depth contributed to the stabilization and size reduction of the cavity.

(5) It was found that the tool penetration depth had the greatest influence on the size
of the hooking part in the lap welding of the pipe; moreover, the hooking part, which was
not created on the boundary layer by the increase in the plunge depth, was distributed in a
certain size along the shape of the cavity.

By confirming the influence of process factors through DSD experiments, we reached
the important conclusion that when selecting a tool, the plunge depth and tool penetration
depth should be considered, especially in FSLW. This will play an important role in future
dissimilar FSLW experiments and can be utilized for optimization through the additional
selection of levels.
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Abstract: Bobbin tool friction stir welding (BT-FSW) is characterized by a fully penetrated pin
and double-sided shoulder that promote symmetrical solid-state joints. However, control of the
processing parameters to obtain defect-free thick lap joints is still difficult and needs more effort. In
this study, the BT-FSW process was used to produce 10 mm AA1050-H14 similar lap joints. A newly
designed bobbin tool (BT) with three different pin geometries (cylindrical, square, and triangular)
and concave shoulders profile was designed, manufactured, and applied to produce the Al alloy lap
joints. The experiments were carried out at a constant tool rotation speed of 600 rpm and a wide
range of various welding travel speeds of 200, 400, 600, 800, and 1000 mm/min. The generated
temperature during the BT-FSW process was recorded and analyzed at the joints’ center line, and
at both advancing and retreating sides. Visual inspection, macrostructures, hardness, and tensile
properties were investigated. The fracture surfaces after tensile testing were also examined. The
results showed that the pin geometry and travel speed are considered the most important controlling
parameters in BT-FSW thick lap joints. The square (Sq) pin geometry gives the highest BI-FSW stir
zone temperature compared to the other two pins, cylindrical (Cy) and triangular (Tr), whereas the
Tr pin gives the lowest stir zone temperature at all applied travel speeds from 200 to 1000 mm /min.
Furthermore, the temperature along the lap joints decreased with increasing the welding speed, and
the maximum temperature of 380 °C was obtained at the lowest travel speed of 200 mm/min with
applying Sq pin geometry. The temperature at the advancing side (AS) was higher than that at the
retreating side (RS) by around 20 °C. Defect-free welds were produced using a bobbin tool with
Cy and Sq pin geometries at all the travel welding speeds investigated. BT-FSW at a travel speed
of 200 mm/min leads to the highest tensile shear properties, in the case of using the Sq pin. The
hardness profiles showed a significant effect for both the tool pin geometry and the welding speed,
whereas the width of the softened region is reduced dramatically with increasing the welding speed
and using the triangular pin.

Keywords: bobbin tool; AA1050-H14; pin geometry; travel speed; welding temperature; mechanical
properties

1. Introduction

In the last few years, in engineering applications, the focus is directed more on Bobbin
Tool Friction Stir Welding (BT-FSW) due to various advantages over Conventional Tool
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Friction Stir Welding (CT-FSW) [1]. The name “bobbin tool; BT” refers to the shape of a
tool that consists of two shoulders (upper and lower) connected with a pin [2]. In fact,
the bottom shoulder in BT design replaced the backing plate used in the CT-FSW [1]. The
BT-FSW process starts with a slow speed until plastic deformation starts, followed by
increasing travel speed to the required value. The two shoulders generate frictional and
deformation heat from both sides to the workpiece during welding [3]. In friction stir
welding (FSW) processes, using BT has many advantages over the use of a conventional
tool (CT) such as the welded structure is symmetric in thickness, low distortion of weld
joint can be obtained, the elimination of root for welds, a backing plate is not required, and
high force is not required for fixing the weld plates and possibility welding a hollow section
(U and H shapes) [3]. Various designs of the shoulder were suggested and applied in CT-
FSW and BT-FSW processes [4]. Flat and concave are the primary design features among
all shapes of shoulders [5]. Concentric circles, ridges, grooves, and knurling are secondary
features that may be added for welding thick parts [6,7]. For the concave shoulder, the
concavity angle is another important parameter to the weld joint properties. Compared
with the flat shoulder, the concave shoulder has been demonstrated to be able to minimize
weld flash and improve the joint properties [4]. Whilst the tool shoulder stimulates bulk
material flow, the stirring pin during the welding process fosters a layer-by-layer material
to flow [8]. Furthermore, the heat generation during the FSW has a strong effect on the
weld quality, and it comes from specific tool surfaces, designed tool shoulder, and pin
geometry [9,10].The geometry of the tool pin affects the flow of plasticized material and the
joint efficiency [10,11]. In fact, the pin geometry is an important parameter in the friction
stir welding (FSW) process for temperature history, material flow, and grain size, as well
as the quality of the FSW joints [12,13]. Fujii et al. [14] investigated the effect of CT-FSW
shape (column without threads, column with threads, and triangular prism shape) on
mechanical properties of welding 5 mm AA1050-H14-H24 Al alloy in similar butt joints
at different rotation and traverse welding speeds and found that column pin without
threads offers butt weld joint with best mechanical properties and this tool shape prompted
defects less than the other two tools. Chandrashekar et al. [15] carried out CT-FSW on
6 mm Al plates using three pin profiles: tapered, cylindrical, straight square, and straight
cylindrical. The results showed that the square pin profile produced better properties for
the joints in comparison with the other two pin profiles. Zhao et al. [16] examined the
influence of four conventional tools (CTs) having different pin geometries on the AA2024
Al alloy joints quality and reported that the screw-pitched taper pin produced friction stir
welds with minimum defects. Elangovan et al. [17] studied the role of five pin profiles:
tapered cylindrical, straight cylindrical, threaded cylindrical, triangular, and square to
friction stir weld of AA 6061 Al alloy and found that the CT with the square pin geometry
produced defect-free welds for all the applied downward forces used. Mahmoud et al. [18]
studied the dispersion of SiC in AA1050-H14-H24 Al surface to fabricate surface composites
based on friction stir process using four CTs with different pins: triangular, circular with
thread, circular without thread, and square. The square pin geometry produced more
homogeneous dispersion of the SiC particles than the other pins, whereas the circular
pin profile showed more wear resistance than the flat-faced pin profiles. Wen et al. [9]
studied the mechanical properties of the BI-FSW 4 mm thick AA2219-T78 Al alloy welds at
various welding speeds from 130 to 350 mm/min and reported a maximum tensile strength
obtained at 210 mm/min travel speed with joint efficiency 70%. Li et al. [19] investigated
the effect of BI-FSW rotation speed on 4 mm thick 6082-T6 butt joints using a smooth
cylindrical pin and concluded that the temperature at the retreating side (RS) was higher
than the advanced side (AS) by 20 °C. Moreover, the maximum ultimate tensile strength
of 262.7 MPa was obtained at a rotation speed of 800 rpm. Wang et al. [20] studied the
influence of rotation speed on the microstructure and mechanical properties of 3.2 mm
thick AA2198-T851 BT-FSW butt welds using a cylindrical featureless pin and reported
symmetrical hardness distribution along the cross-sections for all welds, and the maximum
tensile strength of 370 MPa was reached at 800 rpm. In spite of these achievements in
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CT-FSW parameters, the BT-FSW parameters needs more research to clarify the effect of pin
geometry and travel welding speed, especially for a thick weld for a material possesses low
deformation resistance to avoid the role of precipices or solution hardening. Thus, the aims
of this work are placed on to determine the influence of the pin geometry and the welding
travel speed on the heat generation and the joint quality of 10 mm thick AA1050-H14
similar lab joints welded via BT-FSW. The mechanical properties in terms of hardness and
tensile properties are also examined and analyzed.

2. Materials and Methods

AA1050-H14 Al-sheets of 5 mm thickness, 1000 mm length, and 1000 mm width
were cut into plate specimens having the dimension of 120 mm length and 110 mm width
to BT-FSW purposes to produce similar lap joints. Tables 1 and 2 show the nominal
chemical composition and mechanical properties of the as-received AA1050-H14 Al alloy,
respectively.

Table 1. Chemical composition of AA1050-H14 Al alloy.

Composition, in wt.%

Fe Si Cr /n Mg Cu Mn Al
0.50 0.25 0.1 0.07 0.05 0.05 0.05 Balance

Table 2. Mechanical properties of AA1050-H14 Al alloy.

Mechanical Properties

Tensile strength, MPa Yield Strength, MPa Elongation, % Hardness, HV
110 103 10 28-30

Figure 1 shows example of lap joint arrangement; two sheets 5 mm thick, 100 mm
wide, and 120 mm long were used with 40 mm overlap to develop lab joints.

Figure 1. Dimensions of BT-FSW lap joint (all dimensions in mm).

A newly designed and fabricated bobbin tool with different pin geometries was
tried in the current study to explore the influence of BT-FSW pin geometries on the joint
properties. Figure 2a,b shows the dimensions of the bobbin tool assembly and its various
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parts, upper shoulder, holder, and lower shoulder. The three different pins, cylindrical
(Cy), square (5q), and triangular (Tr) (Figure 2c,d), were used, with the same upper and
lower shoulder dimensions. The new bobbin tools with their pin facilities were machined
from cold worked H13 tool steel and were heat-treated to obtain hardness of 52 HRC. The
shoulders gap is kept constant to be 25 mm. Both shoulders have concave (6°) and cavities

features as given in Figure 2c.

(a)

Upper Shoulder
Pin
Holder PinJ

Lower Shoulder

Nut

(b)

Figure 2. Dimension of BT assembly (all dimensions in mm). (a) Exploded assembly of BT parts,
(b) Dimensions of BT, (c) 3D view of used BT pin profiles, and (d) dimension of BT pins and shoulders.

The BT-FSW was carried out at various travel speeds “Ts” of 200, 400, 600, 800, and
1000 mm/min using the three different pin geometries (Cy, Sq, and Tr), and constant
rotation speed “Rs” of 600 rpm at 0 tilt angle. Table 3 summarizes the BI-FSW process
parameters. BI-FSW similar lap joints were carried out using the FSW machine (EG-FSW-

170



Materials 2021, 14, 4585

M1) [21-26]. Adaptive fixture was designed and fabricated from steel for BT-FSW purposes.
Figure 3a shows overview the BT-FSW using this fixture and Figure 3b shows the 3D
drawing with identification of all components.

Table 3. BI-FSW process parameters of AA1050-H14 lap joints.

BT-FSW Process Parameters

BT pin profile Cylindrical pin, square pin, triangle pin
Rotation speed, rpm 600
Travel speed, mm/min 200, 400, 600, 800, 1000

1- Base

2- Upper Plate

3- Internal Plate

4- Lap Joint

5- Thermocouple
Locations

6- Washers

7- Nuts

8- Bolts

9- Bobbin Tool

Figure 3. BT-FSW fixture setup configuration to weld AA1050-H14 in similar lap joints at the different welding parameters.
(a) overview the BT-FSW using this fixture and (b) the 3D drawing with identification of all components.

The generated temperatures in the stirring zone, advancing side, and retreating side
during the BT-FSW process were measured using two techniques. The temperature dis-
tribution along the lap joint during BT-FSW has been measured at several points. The
temperature at the weld surface behind the tool was measured using an infrared ther-
mometer (Quicktemp 860-T3, Testo Company—Berlin, Germany). The temperature was
measured at different stirring zones during the traveling of BT at the centerline during
welding specimens for all processing parameters in terms of various traverse welding
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speeds and different pin geometries. The mean values were recorded for each welding
condition for comparison purposes. A special setup was created using Modern Digital
Multimeter (MDM) model (UT61B—Zhejiang, China) with thermocouple type “K” in order
to measure the temperature at the AS and RS as given in Figure 3a. With MDM device, two
thermocouples were used to collect the temperatures by placing them in two holes close
to the weld pass in the heat-affected zone (HAZ) with 3 mm diameters and 3 mm depth
drilled on both: retreating side and advanced side.

The produced BT-FSW joints were evaluated at the beginning via visual inspection.
Then, the transverse cross-section of welds was macroscopically examined after applying
the standard metallographic grinding and polishing. The polished surface was then
etched for about 180 s in a solution of 5 mL nitric acid, 3 mL hydrochloric acid, and 2 mL
hydrofluoric acid in 190 mL distilled water. Furthermore, the tensile-shear test specimens
were cut along the joint’s transverse directions with the dimensions as shown in Figure 4.
The test was carried out using Instron tensile test machine (Instron-4208-300 kN capacity,
Norwood, MA, USA). The velocity of the moving head of the machine was 0.05 mm/min at
room temperature. Additionally, the fractures parts were investigated using SEM-Quanta
FEG 250 (FEI company, Hillsboro, OR, USA). Finally, the hardness profiles through three
lines on transverse cross-sections of the BT welded joints were measured to evaluate the
hardness values on the upper, middle, and lower parts of the weld and surrounding regions
(Figure 5) using Vickers hardness tester (HWDV-75, TTS Unlimited, Osaka, Japan) under
0.5 kg load for 15 sec dwell time.

Figure 4. Schematic of the tensile-shear test sample (all dimensions in mm).

60

10

60

Figure 5. Schematic of measurement points of Vickers hardness profiles on the cross-section perpen-
dicular the welding direction (all dimensions in mm).

3. Results and Discussions
3.1. Temperature Measured at Weld Center

The mean values of the measured temperature during the welding process were
recorded and plotted versus different BT-FSW travel speeds of 200, 400, 600, 800, and
1000 mm/min using the three different pins Cy, Sq, and Tr at a constant rotation speed of
600 rpm and 0° tilt angle as shown in Figure 6. Among all the produced 10 mm similar
AA1050-H14 lap joints, the Sq pin geometry shows the highest stir zone temperature
compared to the other two pins, Cy and Tr, whereas the Tr pin gives the lowest stir zone
temperature at the various applied travel speeds from 200 to 1000 mm/min using BT-FSW,

172



Materials 2021, 14, 4585

Figure 6. BT with square pin geometry produces higher weld temperature around 380 °C
at 200 mm/min due to its surface shape that creates more friction heat during BT-FSW. The
highest temperatures are 380 °C, 367 °C, and 351 °C, at the travel speed of 200 mm /min
using BT with pin geometry of Sq, Cy, and Tr, respectively, whereas at the fast weld travel
speed (1000 mm/min), the lowest temperatures are 276 °C, 265 °C, and 240 °C for the Sq,
Cy, and Tr pins, respectively. Additionally, it can be seen that as the welding travel speed
increases, the recoded sir zone temperature decreases for all the used pin geometries. This
happens due to the reduced heat input per unit length and dissipation of heat over a wider
region of the workpiece at a higher welding speed. In fact, the introduced temperature
values in the stir zone during the FSW expresses the amount of heat input. The decrease
of FSW heat input in the stir zoon as a function of increasing travel welding speeds was
reported in many research with different weld joints for different materials [24]. The effects
of pin geometry on the generated heat during the BI-FSW are clear (Figure 6). First, for
the triangular pin, the frictional area between the pin surface and the workpiece material
is limited to near the three edges, which is very smaller than that of the Cy and Sq pin
geometries. Since a larger frictional area must generate a larger amount of friction heat, the
friction heat generated by the triangular profile should be smaller than that by the Cy and
Sq geometries. Second, for Tr and Sq pins, the weld temperature is directly proportional to
the number of edges of the pin profiles because the increasing of edges leads to increasing
of the frictional area in such a way that the weld temperature in the geometries increases
from the Tr to Sq pin geometry during BT-FSW.
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Figure 6. Effects of BT pin geometries and BT travel speed on the welding temperature in the stir
zone to produce 10 mm AA1050-H14 similar lap joints.

3.2. Recorded Thermal Cycles and Temperatures at the AS and RS

The thermal cycles at both the AS and the RS in terms of the measured working
temperatures as a function of time at the different welding speeds during the BT-FSW
using the Sq pin are recorded with the embedded thermocouples and plotted in Figure 7a,c,
respectively, with their associated enlarged areas for the overlapped peaks in Figure 7b,d,
respectively. It should be mentioned here that the same trend of thermal cycle curves was
obtained during the BT-FSW of AA1050-H14 using the Cy and Tr pins at the same applied
welding conditions with a little difference in the recorded peak temperatures at each travel
speed. In the current work, the BT-welding process can be divided into three steps. First,
by inserting the tool to the center line of the lap joint and applying a rotation speed of
600 rpm and slow travel speed of 20 mm/min, the working material can be heated to a
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certain temperature that allows the initial softening of the material. Second, by applying a
holding time of around 15 secs to heat the plates under the same rotation speed of 600 rpm,
the temperature of the first and second steps is lower than 100 °C. Third, applying the
actual travel speed to start achieving the welding path, the temperature of these steps is
increasing gradually to the peak temperature. Finally, the process ended by air-cooling
the workpiece with loss in the heat gradually. These steps appear in Figure 7. Using
BT-FSW with Sq pin geometry, the maximum temperature experienced about 360 °C at
the 200 mm/min welding speed at the AS that slightly higher at the RS. The minimum
temperature experienced about 206 °C at the RS that slightly smaller at the AS using Tr
pin geometry.
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Figure 7. An example of the recorded temperature profiles obtained with the embedded thermocou-
ples during BT-FSW of aluminum using the Sq pin using a constant rotation speed of 600 rpm at (a,b)
advancing side and (c,d) retreating side.

Figure 8 shows a comparative histogram for the temperatures measured during BT-
FSW using the different pin geometries and at the different welding speeds for both the
AS (Figure 8a) and RS (Figure 8b). The top surface temperature at both the AS and RS
during BT-FSW decreases with increasing travel speed. This can be attributed to the
reduction in the number of rotations per unite length by increasing the welding speed at a
constant rotation rate. For example, 3 rev/mm at 200 mm/min is reduced to 0.6 rev/mm at
1000 mm /min. This significantly reduces the amount of heat generated by increasing the
welding speed and also allows fast cooling after welding. On both sides, the BT with Sq pin
generated a higher temperature, and the triangular pin generated the lowest temperature;
this trend is the same trend for the temperature produced in the weld center at the top
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surface. The temperature increases along the direction of the weld and towards the weld
center, and the weld temperatures recorded on the retreating side are slightly lower than
that at the advancing side. This happens because the advancing side in the BT-FSW process
is the location from which the softened solid material starts to flow around the tool pin
plunged into the material, which moved from the front of the tool to the back of the tool
to achieve the joint behind the tool in the solid state. The AS represents the start point for
material stirring that requires the highest torque to achieve the required plastic deformation
and heat to soften and move the material around the tool. Thus, it is expected to have a
higher temperature at this side than the RS at which the material is left behind the tool and
starts cooling.

(a) EEE BT with Cy Pin
E== BT with Sq Pin |
E BT with Tr Pin

<300 °C Error bar+ 1
> 300 °C Error bar + 2

Advanced side tempreture, ‘e
)
q
o

250 -
225 -
200 -
175 1
150 A
200 400 600 800 1000
Travel speed, mm/min

400

(b) EEE BT with Cy Pin
375 EEE BT with Sq Pin ||

B BT with Tr Pin

<300 °C Error bar + 1
> 300 °C Error bar + 2

Retreating side tempreture, °C

200 400 600 800 1000
Travel speed, mm/min

Figure 8. Maximum temperature measured at (a) the advancing side and (b) the retreating side with different pin profiles.

175



Materials 2021, 14, 4585

3.3. BT-FSW Torque

There are many parameters controlling the stirring process in BT-FSW [2]. One of
these is the torque. However, few works are developed to study and predict the torque
during FSW, which can be used to optimize the tool design as well as the process [27].
Hence, predicting, monitoring, and controlling the BT torques are highly important to
predict the tool life. In fact, the torque value given in the monitor of the full-automatic
FSW machine in the present work can be used as an indicator for the resistance of materials
to move around the pin during stirring. Figure 9 shows the measured torque values
during BT-FSW at a travel speed of 200 mm/min and rotation speed of 600 rpm using
the different pin geometries. The different regions of torque curves obtained during the
BT-FSW process are tool entry, dwell time, welding achievement, and tool exit. At tool
entry, the BT moves forward to touch the cold workpiece, and then the torque sharply
increased to reach maximum values for all the used pins. In the dwell time region, the
values of torque decrease to the minimum value of 10 Nm as a result of softening the
stirring material around the tool. During the welding process, the torque increases sharply
again as the material highly resists the rotating pin in the stir zone. The resistance of
materials to move around the tool increases with increasing sharp pin edges. The highest
value of measured torque (66 Nm) was obtained using BT with Sq pin geometry whilst, the
lowest value (52 Nm) is given using the Cy pin. Finally, the torque decreases sharply in the
tool exit region as a result of BT leaving the welded workpiece.
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Figure 9. Torque during BT-FSW with different pins at 200 mm /min and 600 rpm.

The torque value was recorded for the used three pin geometries as a function of
travel speed and plotted in Figure 10. It can be seen that as the travel speed increases, the
measured torque values increase for all the pin geometries. By increasing the welding travel
speed, the heat input decreases. Thus, the torque value increases due to the difficulty of
material flow [6]. Moreover, material flow with Cy pin is easier during the BT-FSW process
compared to the other two used pins. On the other hand, the tool faces more resistance
with the Sq, and Tr pins, especially at higher welding speeds due to the colder material.
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Figure 10. Torque during BT-FSW of AA1050-H14 with various pin geometries.

3.4. Visual Inspection

Three groups of AA1050-H14 Al alloy similar lap joints were friction stir-welded
using BT. Two welding parameters, pin geometry and travel speed, were considered with
keeping the other parameters constant. The pin geometries were Cy, Tr, and Sq, and the
travel welding speeds were varied from 200 to 1000 mm/min. Both the upper and the
lower surfaces of the welded laps were visually inspected. No defects were observed
for the first and the second welded lap joints groups using the Cy and Sq pins at all the
applied welding speeds, as can be seen from the top and bottom surface views illustrated in
Figures 11 and 12, respectively. The third group of BT-FSW lap joints welded using Tr pin
showed defect-free joints at 200, 400, and 600 mm /min travel speeds as given in Figure 13,
whereas at 800 and 1000 travel speeds, uncompleted joints were observed on the joint top
surfaces due to appearance of a tunnel defect. A tunnel may be formed during FSW due
to insufficient heat input. The decrease in the stir zone temperature leads to a decrease in
materials plasticity and hence hinders the flowability of the stirring material around the
tool. Furthermore, the length of the uncompleted joining defect increases with increasing
the travel speed from 800 to 1000 mm/min, as shown in Figure 14a,b. Some moving layers
tend to stick on the rotating tool using Tr pin geometry, as given in Figure 15c,d.

Figure 15a,b shows the keyhole in the exit regions of the BT-FSW joints after the BT
exits the joints. The BT leaves the joint by a disruption at the end of the welded pass. The
arrows on the top (Figure 15a) and bottom (Figure 15b) surfaces show the last vestige
of the shoulder on the top and bottom surfaces. The material is transported from the
retreating side to the advancing side before starting the weld disruption. However, the
stirring mechanism is not able to continue primary stirring from the advancing side to the
retreating side, as the stirring material accumulated in the advanced side [28]. Figure 15¢,d
presents the shape of material flow of the entry regions for the bobbin welds on the upper
and lower surface, respectively. The entry defect consists of an ejected tail and is produced
on the retreating side. In the early step of the BT entering the workpiece, the material flows
from the retreating side to the advancing side are disrupted, and the plasticized mass flows
outwards of the joint. The main reason for the material ejection in the entry zone is the free
surface at the trailing edge and the absence of the solidified mass to block the material flow
outwards [29].
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Figure 11. Top and bottom views of BT-FSW joints using Cy pin.
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Figure 15. Top view of the BT-FSW of aluminum at start and end region; (a,b) the exit regions;
(c,d) the entry regions.

3.5. Macrostructure of BT-FSW Lap Joints

Figure 16 shows the cross-sectional macrostructures of the BT-FSW lap joints welded at
a rotation speed of 600 rpm and travel speed of 200 mm/min using Cy pin geometry. The
different regions in welded joints, BM, HAZ, TMAZ, and SZ, can be easily featured. As seen in
Figure 16, a sharp transition between the BM and the SZ occurs on the advancing side, while
a more diffuse transient region is present on the retreating side of the welded joints. This has
been attributed to the different flow behaviors and the degree of plastic strain/deformation
of the material on both sides of the rotating and traveling tool [1]. The macrostructures of
the transverse cross-sections of the AA1050-H14 lap joints welded using Cy, Sq, and Tr pins
at various travel welding speeds (200, 400, 600, 800, and 1000 mm/min) and at a constant
rotation speed (600 rpm) were investigated perpendicular to the welding directions and
presented in Figures 17-19, respectively. All cross-sections BT-FSWed at the applied travel
speeds using Cy and Sq pin are defect-free, as shown in Figures 17a—e and 18a—e, respectively.
The relationship between defects observed in the welds and tool pin geometry is important
to analyze. Many researchers [29,30] reported that due to the inappropriate movement and
insufficient plasticization of material in the stir zone, the joints show various defects such as
kissing bonds, voids, and tunnel defects. It was observed that the BT-FSWed joints obtained
using triangular pin geometry showed the presence of tunnel defect, Figure 19. In lap joints
produced with Tr pin at 400 and 600 mm/min, separation surface between the upper and
lower plates at the joint middle transverse cross-section is shown in Figure 19a,b. Tunnel
defects are more pronounced, especially in joints produced at 800 and 1000 mm /min travel
speeds. The tunnel defect in the cross-sectional area at 1000 mm/min is larger than that
obtained at 800 mm/min, as shown in Figure 19c—e. In general, the defect area increases with
increasing travel speed. This is likely due to the decrease of weld temperature, which results
in a lack of stirring action, and then promotes the chance of tunnel formation [31,32]. Similar
results were also obtained by Hussain et al. [30] by using a triangular tool for FSW of AA6063
butt joints.
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Figure 17. Macrographs of transverse cross-sections of lap joints produced at 600 rpm rotation speed
and different travel speeds of (a) 200, (b) 400, (c) 600, (d) 800, and (e) 1000 using BT with Cy pin.
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Figure 18. Macrographs of transverse cross-sections of lap joints produced at 600 rpm rotation speed
and different travel speeds of (a) 200, (b) 400, (c) 600, (d) 800, and (e) 1000 using BT with Sq pin.
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Figure 19. Cont.
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Figure 19. Macrographs of Transverse cross-sections of lap joints produced at 600 rpm rotation speed
and different travel speeds of (a) 200, (b) 400, (c) 600, (d) 800, and (e) 1000 using BT with Tr pin;
(b,c) separation surface defects; (d,e) tunnel defects.

3.6. Mechanical Properties of BI-FSW Joints

Figure 20 shows the Vickers hardness maps obtained along the transverse cross-
sections of the BT-FSW lap joints welded at a rotation speed of 600 rpm and at welding
speeds of 200 and 1000 mm/min, using Cy, Sq, and Tr pin geometries. Generally, the
hardness profile indicates the typical hardness profile for the strain hardened aluminum
alloys that is characterized by a softened region of reduced hardness at the weld nugget;
however, a significant effect can be observed in the hardness profile either due to the tool
pin geometry or the welding speed. The hardness is mainly affected by the thermal cycle
experienced and the maximum temperature. This can be observed in the width of the
softened region and the level of hardness reduction in the weld zone. The highest reduction
in hardness is occurred at 200 mm/min welding speed and using the Cy BT, as can be
observed from the hardness maps that represented in blue color with a hardness of about
24 Hv. Using the same Cy pin at a higher welding speed of 1000 mm/min has reduced the
level of hardness reduction, and the hardness reached about 27 Hv at the middle section.
The lowest hardness reduction is achieved using the Tr BT at 1000 mm/min, and hardness
reached about 29 Hv at the middle section, as can be noted from the orange color of the
map. On the other hand, at the same level of hardness, the width of the softened region
increases as the thermal cycle reaches higher temperatures for a long time, which occurred
here at the low welding speed of 200 mm /min using the Sq tool pin. If, for example, one
measures the width at a hardness value of 27 Hv, which is represented by the green color
in the maps, it can be observed that the width of the softened region is the maximum at a
welding speed of 200 mm /min using the Cy BT and the minimum at the welding speed
of 1000 mm /min using the Tr BT. It can also be noted that at all the welding conditions,
the hardness is lower at the shoulder surfaces, either top or lower shoulder, due to the
maximum heat generated. The results obtained here are consistent with the reported in
the literature during FSW of the strain-hardened aluminum alloys such as AA5083 and
AA1050.
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Figure 20. Hardness maps obtained at the transverse cross-section of the BT-FSWed lap joints at
(a) 200 mm/min and (b) 1000 mm/min, using different pin geometries (Cy, Sq, and Tr).

The tensile-shear load of BT-FSW lap joints using the different pins (Cy, Sq, and Tr)
at various travel speeds of 200, 400, 600, 800, and 1000 mm /min, at a constant rotation
speed of 600 rpm, was plotted in Figure 21. For all the applied pin geometries, the tensile-
shear load increases with decreasing travel speed, reaching its peak value at 200 mm /min.
The highest tensile-shear load values of the AA1050 similar lap joints were obtained at
200 mm/min welding travel speed. These values are 6491, 5806, and 5419 N for the applied
pin geometries: Sq, Cy, and Tr, respectively. In CT-FSW, the pulsating action (pulse/s)
(pulse/s = rotational welding speed in one second x number of flat faces) during the
stirring process in FSW is a function of rotational speed and the number of flat faces of the
pin geometry [29]. Goyal et al. [33] studied the effect of pin geometry on the pulsating action
of the material flow around the pin in the stir zone for Al-Mg4.2 at welding conditions
of 1200 rpm and 65 mm/min. They concluded that the cylindrical tool does not promote
a pulsating action, whilst the triangular and the square pin geometries generate 60 and
80 pulse/s, respectively. Additionally, Elangovan et al. [17] reported that for FSW of
AA2219 using different pin geometries, the Sq pin produced more pulse/s compared to the
Tr pin. At the rotational welding speed of 1200 rpm, the pulses/sec values were 80 and 60
for the Sq and Tr pin geometries, respectively. The pin geometry of the BT-FSW is mainly
responsible for softening and transporting the welded material during the joining process.
The movement of plasticized material in the stir zone is controlled by two effects. The first
effect is extrusion, where the pin pushes the plasticized material behind it. Additionally,
the second effect is the rotary movement of the pin, which promotes the required thrust to
ease the material flow [29]. According to the current welding conditions of 600 rpm rotation
speed and different pin geometries, the Sq pin geometry produced 40 pulse/s and the Tr pin
geometry produced 30 pulse/s, while no such pulsating action was observed in cylindrical
pin geometry. The lap joints made with Cy and Tr showed lesser joint strength as compared
to other welded lap joints with Sq pin (Figure 21), due to the lack of pulsating action and
vertical flow of plasticized material in the stir zone. In the case of Tr pin geometry, improper
consolidation of material near the pin base leads to the formation of separation surface
400 and 600 mm/min (Figure 19b,c). Additionally, there is a tunnel defect in the nugget
zone at the welding condition of 800 and 1000 mm /min (Figure 19d,e), which consequently
deteriorates the joint strength despite hardness increase. In addition, the lap joint welded
at 200 mm/min using Tr and Cy pin geometries shows lower tensile-shear load compared
with that produced using Sq pin geometry due to the of top and bottom surface roughness
of the welded joints and the presence of weld protrusions.
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Figure 21. Tensile-shear loads of BT-FSW lap joints at various travel speeds using different pin

geometries.

Figures 22 and 23 show typical fracture morphologies of the BT-FSW lap joint using
an Sq pin at travel speeds of 200 and 1000 mm /min. It can be observed that the fracture
surface of investigated fracture surfaces of the samples consists of mixed brittle and ductile
modes. Figure 22 shows the fracture surface of BT-FSW at 200 mm/min, where ductile
features as serrations-like areas are shown mixed with small cleavage fracture areas. These
features indicate that the fracture mode is more ductile. On the other hand, the fracture
mode of the joint produced using 1000 mm/min is mainly brittle, as shown in Figure 23.
There is more cleavage faceted area, little serrations, and no dimples on the fracture surface.
The above features are confirmed with the FSW heat input and tensile-shear results.

Figure 22. (a) The fracture morphology of the BT-FSW lap joint welded at travel speed of 200 mm/min
and rotational speed of 600 rpm using Sq pin and (b) at a higher magnification.
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Figure 23. (a) The fracture morphology of the BT-FSW lap joint welded at a travel speed of
1000 mm/min and rotational speed of 600 rpm using Sq pin and (b) at a higher magnification.

4. Conclusions

BT-FSW of AA1050-H14 similar thick lap joints was carried out using different pin
geometries, Cy, Sq, and Tr, at a rotation speed of 600 rpm, and welding speeds from 200 to
1000 mm/min. The following conclusions could be drawn:

1.  Pin geometry and travel speed showed significant effect as processing parameters in
the BT-FSW process as they affect the temperature at the weld center. Furthermore,
the square pin leads to a higher temperature, and the temperature in the advanced
side is higher than that in the retreating side at all welding conditions.

2. Increasing the travel speed increases the torque, and the highest torque values are
associated with the square pin geometry.

3.  BT-FSW using Cy and Sq pins produced defect-free welds at all welding conditions,
whereas at travel speeds of 400 and 600 mm /min, using a Tr pin resulted in uncom-
pleted joining. Furthermore, tunnel defects appeared at welding speeds of 800 and
1000 mm /min.

4. At all the welding conditions, the hardness values of the stir zone are lower than
those of the BM.

5. The welding conditions of 200 mm/min and 600 rpm using BT with Sq pin produces
sound thick lap joints of AA1050-H14 Al alloy with a higher tensile shear load.

6.  Mixed brittle-ductile fracture mode is observed on the tensile-fractured FSW samples.
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