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Abstract

In this research, copper (Cu) donor material-assisted friction stir welding (FSW) of AA6061-T6 alloy was studied. Cu-assisted
FSW joints of AA6061-T6 alloy were prepared at a constant tool rotational rate of 1400 rpm and various welding speeds at
1 mm/s and 3 mm/s. The Cu donor material of different thickness (i.e., 20%, 40%, and 60%) with respect to the workpiece
thickness was selected to assist the FSW joining at the plunge stage. It is observed that the downward force generated in
the FSW process was gradually decreased after introducing Cu donor material with incremental thicknesses with respect to
workpiece at the plunge stage. Post-weld analysis was characterized in terms of microstructure and mechanical properties.
The results of microstructure analysis at the stir zone (SZ) show the formation of finer grains due to dynamic recrystallization
and plastic deformation. Micro-hardness tests reveal that the hardness decreased from the base metal (BM) to the SZ across
the heat-affected zone (HAZ) and thermo-mechanically affected zone (TMAZ). The lowest value of hardness appeared in
the TMAZ and HAZ where tensile failure occurs. With increasing welding speed, the average hardness in the SZ decreased
due to lower heat input and faster cooling rate. Tensile test plots show no significant change in ultimate tensile strength with
or without Cu donor material. Fractography of tensile tested samples shows both ductile and brittle like structure for given
welding parameters. This proposed work of FSW with Cu donor material is promising to increase tool life due to the decre-
ment of the downforce during plunge and throughout the welding stage. Meanwhile, the inclusion of donor material did not
compromise the weld quality in terms of the mechanical properties and micro-hardness.

Keywords Al6061-T6 alloy - Cu donor material - Friction stir welding - Microstructure - Micro-hardness - Tensile
properties - Fractography

1 Introduction

Friction stir welding (FSW), as shown in Fig. 1a, is a novel
solid-state joining process invented at The Welding Insti-
tute (TWI) of the UK in 1991. It has been broadly used in
aerospace, aircraft, shipbuilding, automotive, railways, and
marine industries [1-4]. FSW has many advantages includ-
ing lower heat input and avoidance evasion of phase change
during the welding process in comparison to conventional
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fusion joining processes such as MIG or TIG welding. Since
it is a solid-state joining, this process does not cause material
phase change, resulting in minimum microstructural changes
and better mechanical properties than conventional weld-
ing processes [5—8]. NASA and aerospace manufactures are
applying FSW to effectively and reliably join high-strength
aerospace aluminum alloys such as Al 6061, Al 2024, and
titanium alloys that are hard to weld by conventional fusion
welding. In the shipbuilding industry, FSW is used for join-
ing high-strength steel for hulls and decks.

A typical FSW process consists of four stages: plunge,
dwell, welding, and retraction as shown in Fig. 1b. The impor-
tant control parameters in FSW are the following: rotation
speed of the tool in rpm, traverse speed of the welding tool in
mm/second, tilt angle, welding path, and tool design, etc. [9].

When applying the FSW in manufacturing of industrial
parts, an issue hindering its wider application is that tool
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Fig.1 Schematic Illustration of a FSW process, (b) stages of FSW

wear leads to high tooling cost when joining high-strength
materials such as steel and titanium alloys. The excessive
wear in FSW results in frequent replacement of costly tools
after an insufficient length of weld. The research team has
proposed the idea of using donor materials in plunge stage
to reduce the tool wear and increase tool life [10—12]. Due
to equipment restriction, the previous research in [10-12]
was performed on a manual mill; it only studied donor
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material’s effect in the plunge stage of FSW. Through a lit-
erature research, there is no reported research that examined
the effect of donor material on the welding stage and the
joint properties of FSW. Initiated by these, a set of experi-
ments were performed to study the Cu donor material in
assisting FSW of Al 6061. The downward force, microstruc-
ture, mechanical properties, and micro-hardness in the Cu-
assisted FSW joining Al 6061 workpieces were examined
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at a combination of tool rotational rate of 1400 rpm and
various welding speeds at 1 mm/s and 3 mm/s, respectively.
These experiments aim to address the research question of
whether donor material can assist the welding stage in FSW
processes and affect post-weld properties.

2 Literature review

The related literature was searched on FSW assisted by vari-
ous types of auxiliary energy and donor materials. Padhy
et al. provided a comprehensive review [13] on the methods
that provides auxiliary energy. These methods majorly are
using electricity, induction, laser, and ultrasonic vibration,
etc., which partially heat and/or soften the alloys before or
during the FSW, reducing the load requirement on the tool.
Thus, it improves the tool performance and life, optimizes
process window, and enhances welding efficiency and qual-
ity, etc.

Electrically assisted FSW (EAFSW) softens materials by
Joule heating effect and electroplastic effect [14, 15]. Due
to both effects, the EAFSW process produced significantly
higher temperatures in the plunge stage to soften the mate-
rial, which reduced the plunge force significantly [14, 15].
This would facilitate welding of thick part, improve the wear
resistance of the tool, and increase the tool life and per-
formance [14]. Luo et al. applied EAFSW for joining light
alloys of AZ31B and Al 7075 [16, 17]. Morphologies of the
weld line in [16] confirmed smoother surfaces with finer
arc-shaped features due to more uniform and denser cor-
rugation of the material. It was also reported that the influ-
ence of electric current would reduce the average grain size
in the SZ [16]. Although the average grain size was almost
unchanged in the TMAZ, the grain distribution was more
uniform with more elongated grains due to severe plastic
deformation. Also, it formed less narrow and more equiaxed
grains in the TMAZ due to more severe dynamic recrystal-
lization caused by electric current [16]. The difference in
grain refinement in the SZ and TMAZ of the Al and Mg
alloys is induced by the different responses of the alloys to
nucleation rate of dynamic recrystallization under similar
conditions of heat input and plastic deformation [17]. The
higher is the nucleation rate of the dynamic recrystalliza-
tion, the finer are the grains formed. The grains in the HAZ
of EAFSW joints were coarsened with increasing electric
current because of the long exposure of the HAZ to high
temperature and secondary recrystallization. The hardness
profiles of the EAFSW welds were consistent with the grain
refinements and microstructure developments. The hardness
values varied directly with the grain refinements. The higher
heat inputs improved material flow. The viscoplasticity at the
root of the weld improved the weld quality by reducing the
risk of various defects in welds.

Induction-assisted FSW (IAFSW) uses electrical induct-
ance to generate heat to soften the workpiece materials.
IAFSW has been reported for joining medium-strength
aluminum alloy [18] and high-strength steel [19, 20]. Both
researchers in [18, 19] reported that the downward force
was reduced, but mechanical properties in the joints were
still maintained. Further, IAFSW would reduce the residual
stress distortion and HAZ softening and increase the plastic
deformation due to its low heat input flux and well-defined
heating. This would eliminate the heavy clamping systems
thus reducing the size of the FSW machine [18]. When
joining steel, the IAFSW, comparing to the FSW, process
induced more intense grain refinement [19], which induced
an increase in the hardness and tensile strength of the SZ.
However, the ferrite/austenite ratio of this steel remained
unchanged for both processes.

Laser-assisted FSW (LAFSW) is the most widely used
external energy-assisted FSW. The application of laser pre-
heating lowered the resistance of the material to tool pene-
tration and forward motion [21]. Therefore, the need to apply
large forces on both the tool and the workpieces is lowered.
When applying EAFSW to high-strength steel with ferrite
pearlite structure, a significant amount of brittle Martensite
and Bainite phases were found in the joints, but the LAFSW
could prevent the brittleness [21] and retain the original
phases. LAFSW was even applied for joining of superalloys
such as Inconel [22]. Laser preheat induced intense grain
refinement in the SZ, so it significantly improved the over-
all strength and mechanical properties of Inconel alloy. An
improvement was reported in the fatigue behavior of alu-
minum lap joints produced by LAFSW [23]. Alvarez et al.
also reported the life of a PCBN tool used in the LAFSW of
marine-grade steel that was increased up to several feet [20].

Ultrasonic energy-assisted FSW (UAFSW) uses high-
frequency vibration to soften material without significantly
heating it. UAFSW reduces the friction heat by comple-
menting the softening. However, at the same time, it would
increase the heat generation from the additional deforma-
tion. The overall result of these two effects may increase
the heat input slightly. UAFSW expanded the plastically
deformed region [24] and improved the material flow [25];
thus, it improved lap shear force and hardness of the joints
[25]. UAFSW also suppressed the formation of voids and
tunnel defects [24-26].

Numerical [10-12] and experimental [11, 12] studies
of donor materials that assisted FSW to suggest that local
preheating at the plunge stage is generated by friction
between the tool pin and the donor material and also by
the plastic deformation in the material. This preheating
would generate heat in the copper donor material due to
high frictional forces, and this preheating is expected to
be transferred to the workpiece by conduction, which will
result in softening the workpiece material and reducing
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Table 1 Chemical composition of AA6061-T6 alloy

Components Al Cr Cu Fe Mg

Mn Ni Si Ti Zn Zr Others

Wt. % 95.1-982 04-08 00504 007 0.8-12

0-0.15 0-0.05 0408 0-0.15 0-025 0025 0.15

the plunge force. This, in turn, is expected to reduce tool
wear. For the selection of a donor material, it is desired
for the donor material to possess high thermal conduc-
tivity to allow rapid heat transfer into the workpiece.
Additionally, it is desired that the donor material will not
advance along the welding path, because this will influ-
ence the weld quality by producing a nonhomogeneous
weld line. It has been demonstrated by previous studies
that material moves around the tool pin and becomes
deposited behind it without being transported forward
with the tool’s pin [27-29]. Hence, donor material from
the plunge phase is restricted to the initial weld area and
can be sacrificed.

Comparing to the auxiliary energy-assisted FSW, the
donor material-assisted FSW does not require the welding
tool to be electrically conductive, and it needs no instal-
lation of complex insulation system between the tool and
the FSW machine. It also avoids the difficulty in IAFSW
on controlling the current flow, generating the spark, and
heating of conductive materials involved in the current
path. It also avoids the complex equipment for laser and
ultrasonic energy. This donor material-assisted FSW idea
is unique. Except for the paper [10-12] on examining
the plunge stage, there is no reported work examining
the effect of donor material on the welding stage and the
joint properties of FSW. To fill this gap, the proposed
methodology is presented in Sect. 3.

3 Experimental procedure

The selected base metal in this study was an extruded
6.35 mm thick AA6061-T6 aluminum alloy which is a com-
monly used lightweight metal in aerospace applications. The
AA6061 comes in sheet form with dimensions of 317.5 mm
(Iength) X 76.2 mm (width). Cu 110 was selected as the donor
material due to its high thermal conductivity. The chemical
composition and mechanical properties of the selected mate-
rials are listed in Tables 1, 2, and 3, respectively.

Test coupons, with dimensions of 152.4 mm (length)
X76.2 mm (width), were sectioned from the as-received plates
followed by milling the edges along the length as shown in step 1

Table 2 Chemical composition of Cu 110 alloy

Components Cu Bi Pb (6]

Wt. % 99.9 0-0.005 0-0.005 0-0.04
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in Fig. 2a. An aperture of 63.5 mm (length) X25.4 mm (width) is
created to anchor the stir donor material to the workpiece through
set screws. The aperture and the donor material were cut using
a Haas CNC mill prior to the welding as shown in steps 2 to
3 of Fig. 2a. The Cu donor material thickness for the present
investigation was set at 20%, 40%, and 60% of the depth of the
workpiece thickness.

Prior to FSW, the workpiece surfaces and surrounding
areas were cleaned using ethanol followed by scouring with
an abrasive pad to remove oxides and debris. Finally, the
workpieces were cleaned again with ethanol. The workpieces
were then tightly clamped using a welding fixture that was
secured to the back anvil/worktable of the FSW machine.
FSW experiments were conducted in position control mode
with a triangular tapered pin-type H13 steel tool head. The
shoulder’s diameter was 15.8 mm with an adjustable 1/2-16
left-hand threaded pin having a diameter of 6.4 mm, a
threaded length of 6.35 mm, a 60° thread at 1 mm pitch,
and a 0.4-mm depth (normal to the surface). The tool-to-
workpiece angle was maintained at 2° with a shoulder heel
plunge depth (the portion of the shoulder under the top sur-
face of the workpiece) of approximately 0.5 mm for all the
welding experiments. The welding direction was parallel to
the extruded direction of the workpiece (Fig. 1a). All the
joints were friction stir welded at a speed of 1 or 3 mm/s.
The tool rotational rate was kept constant at 1400 rpm and
a penetration depth of 5.85 into the workpieces. It is noted
that relative to the welding and tool rotational directions as
indicated in Fig. 1a, the welds were joined with the counter-
clockwise tool rotation. Under the FSW experimental setup
in Fig. 2b, the final friction stir welded aluminum plates are
shown in step 4 of Fig. 2a. The weld properties were exam-
ined in terms of microstructure, Vickers micro-hardness,
tensile test, and fractography. For each friction stir welded
assembly, the unstable (ramp up and ramp down) regions at
the beginning (~20 mm) and end (~ 20 mm) of the weld line
were removed. Using a precision wire electrical discharge
machine (EDM), the FSWed assemblies were sectioned into
samples in the direction perpendicular to the welding direc-
tion (WD) for microstructure characterization and for con-
ducting tensile test experiments in the weld cross-sections.
Sectioned samples were then cold mounted, ground, and
polished with different grades of emery sheets, and a final
polishing with 0.05 — um grit cloth. The samples were then
etched with a standard Keller’s reagent (190 mL H,O, 5 ml
HNO;, 3 ml HCI, and 2 mL HF) for approximately 120 s to
reveal the grain structure.
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Table 3 Mechanical properties

Materials Hardness (Rockwell) Yield UTS, MPa Thermoconductivity, Melting
of Cu 110 and AA6061-T6 strength, w/mK point,
MPa °C
Copper 110 55 255 345 183 1084
Al 6061 40 (scale A), 60 (scale B) 241 262 151 585

The metallographic analyses were accomplished using an
Olympus optical microscope equipped with quantitative image
analysis software for microstructure and macrostructure stud-
ies, respectively. Automated Vickers micro-hardness measure-
ments were conducted across the welded cross-sections using
a load of 100 g, a dwell time of 15 s, and an indent interval
of 0.3 mm (i.e., at least three times the diagonal length of the
indentation to prevent any potential effect of the strain fields
caused by adjacent indentations). The tensile test experi-
ments were carried out by a universal tensile testing machine
(INSTRON-5869) with a 50-kN load capacity. At least two
samples were tested at each welding condition. Tensile sam-
ples were prepared according to ASTM ES/E8M-13a [30]. All
tensile tests were performed up to failure at room temperature
and at a crosshead speed of 1.5 mm/min. The fractured surface
of the frictionally stir-welded (FSWed) samples subsequent
to the tensile testing was examined using a JEOL 6700 field
effect-scanning electron microscope (FE-SEM) equipped with
three-dimensional (3-D) fractographic analysis capacity.

4 Results and discussion
4.1 Downward force generation

The downward force is a significant parameter, which influ-
ences the joint quality and tool life during the plunge and
welding stages. A load cell with a National Instrument Data
Acquisition (NI-DAQ) device was used to collect the force
data in the joining experiment. Figure 3a, b demonstrates
the downward force produced at a constant 1400-rpm tool
rotational speed and welding speeds of 1 mm/s and 3 mm/s
on different donor material thickness settings, respectively.
It can be noticed from the plots of Fig. 3a, b that the down-
ward force in the aforementioned plunge, dwell, welding
and retraction stages shows the following trend. During
plunge stage, the rotating tool approaches the surface of
the workpiece and penetrates into the workpiece generat-
ing initial frictional heat. At this point, the downward force
starts to increase and reaches to the peak position until to

Milled Surface
e

Embedded Cu Oonor=murhl

Final FSWed Sample

Fig.2 (a) Steps for making FSW samples, (b) FSW setup
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Fig.3 Downward Force vs time 12
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the end of plunge stage. Thereafter, in the dwelling stage,
the downward force begins to drop gradually, which indi-
cates that the required operating temperature is achieved
to weld the workpiece. In the welding stage, the constant
frictional energy generates high temperatures which soften
the workpiece, at this point the downward force keeps stable
and increased slightly until it reaches to the exit position;
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then, it is immediately reduced to zero downward force in
the retraction stage. It is understandable that the higher
downward forces were taking place during the plunge stage
which resulted in producing frictional heat that softened
the surrounding material [31, 32]. Several authors [33, 34]
also reported similar findings on friction stir welding of alu-
minum alloys. They also observed that the downward force
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increases during the initial plunge stage and then suddenly
drops with further advancement of the tool head. It was
observed that with the embedded donor material at the ini-
tial plunge stage, the downward force decreases significantly
as the donor material thickness increases by 20%, 40%, and
60% of the workpiece material. In Fig. 3a, b, the downward
force variation with time is compared for the as-received
welded sample and the donor material welded ones.

The downward force obtained during the plunge stage for the
welding speed of 1-mm/s and tool rotational rate of 1400 rpm
was much higher; it reached approximately 8 kN for an as-
welded (AW) sample, 12 kN for 20%, 8 kN for 40%, and 7.5
kN for 60% Cu donor material-assisted sample. As compared to
the plunge stage, during the welding stage, the downward force
was predominantly reduced by 83%, 66%, and 40.6% when the
donor material was 60%, 40%, and 20% of the workpiece sam-
ples, respectively. Similarly, during the plunge stage at a weld-
ing speed of 3 mm/s and tool rotational rate of 1400 rpm, the
downward force reached approximately 8.75 kN, 7.5 kN, and 6
kN for the 20%, 40%, and 60% Cu donor material, respectively.

During the welding stage, the downward force fluctu-
ates between 2.5 and 3.75 kN for 20%, 40%, and 60% donor
material. There was no significant difference noticed in
the downward force during the welding stage of the alu-
minum plates with or without the donor material for the
3 mm/s welding speed. This could be due to lack of gener-
ating enough heat during the initial plunge stage to soften
the surrounding material in addition to a faster cooling rate.
Therefore, it is evident that plunging through the Cu donor
material generates frictional heat that transfers to the alu-
minum workpiece that further softening the aluminum work-
piece. The use of a donor material concept in preheating the
workpiece could further help in selecting proper welding
conditions and also in producing optimal welds.

4.2 Microstructure

The thermo-mechanical condition change in FSW leads to
form different regions in the welding location: namely, the SZ
or weld nugget around the weld center, the TMAZ, and the
HAZ on advancing and retreating sides of the weld and the
BM. These regions are shown in Fig. 4a—e, where the typical
microstructures were observed across a weld made at 1-mm/s
welding speed and 1400-rpm tool rotational rate. Similar
observations have been documented by others [35]. It is gen-
erally believed that the material in FSW undergoes continu-
ous and discontinuous dynamic recrystallization [6 and 28],
grain refinement, and grain coarsening. In the SZ (Fig. 4b), a
severe plastic deformation and the elevated temperature led to
dynamic recrystallization of the AA6061-T6 alloy plates. The
grains became predominately equiaxed in both the AS and
the RS, respectively. The grains in the SZ were smaller and
equiaxed as compared to the grains in the BM, suggesting that

the current selected FSW-assisted donor material conditions
resulted in grain refinement. In the TMAZ, the microstructure
was highly deformed and grains appeared to be distorted and
elongated. The dynamic recrystallization process did not fully
develop in TMAZ during FSW experiment.

The HAZ microstructure which falls between the BM and
the TMAZ is mostly experiencing the effect of frictional
heating and no interference of mechanical forces. This leads
to partial recrystallization of the larger grains in the BM
microstructure. Figure 5 shows images of the microstruc-
tures of selected regions within the SZ obtained at 20%,
40%, and 60% Cu donor material and as-welded condition.
At the SZ weld location, there is no significant change in
grain growth observed both with or without donor material
as clearly seen in Fig. 5a—d. This could be due to the rapid
dissipation of the heat generated during the plunge stage
throughout the workpiece surrounding area.

4.3 Micro-hardness

Vickers micro-hardness profiles were generated at the top,
mid, and bottom layers of the workpiece across the weldments
with different welding parameters and different donor mate-
rial thicknesses as shown in Fig. 6a, b. The indentation hard-
ness is measured starting from the BM advancing side to the
BM retreating side. It is observed that the hardness profiles
exhibited a W-shape. From the plotted hardness profiles in
Fig. 6, it was noticed that the RS of the weld closer to the
tool pin had lower hardness compared to the AS; this is due
to plastic strains developed in the workpiece by the welding
tool. The temperature during FSW on the AS side is higher
than on the RS side, which enhances the hardness on the AS
side. In FSW, the deformation and material flow begin from
the advancing side (AS); hereafter, the material generates
more heat of plastic deformation. Further, as the direction of
tangential component of tool rotation and its traverse direc-
tion are the same, this causes more friction. On the contrary
towards retreating side (RS), the material is softer and moves
with less heat. Also, the tangential component and traverse
velocities are opposite, which causes lesser frictional forces.
All these factors create higher temperature on AS vs on RS.
Also, grain refinement or grain growth occurs in general when
the temperature reaches to its recrystallization temperature. In
FSW AA6061 case, when the temperature is higher, the grain
size is lower, and the material hardness is higher. Therefore, it
can be understood the observation that the higher temperature
at AS increases the hardness on AS by 5% than RS.

The minimum hardness occurred at the HAZ with HV
values of about 65-68, and it rose up to HV values of 80-85
at the SZ. The highest hardness values of HV of 100-110
occurred in the BM zone. The average minimum hardness in
the SZ was equivalent to 77% of the base metal. The hard-
ness in the SZ also depends on the precipitation distribution
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since the AA6061-T6 is a precipitation-hardened alloy
[36]. The hardness values in the SZ were higher than in the
TMAZ and the HAZ, due to dynamic recrystallization and
grain refinement as discussed above in the microstructure
section. In the HAZ, the material undergoes only soften-
ing, and the hardness observed was the lowest in each weld.
There is no intense plastic deformation and grain refinement
in the HAZ, which is evident from the grain coarsening.
The TMAZ undergoes some plastic deformation with the
addition of heating; this leads to grain refinement compared
to the HAZ. Therefore, it was found that higher hardness val-
ues occurred in the TMAZ as compared to the HAZ due to
strain hardening. With increasing Cu donor material thick-
ness, the heat input, and peak temperature increase. Thus, it
further accelerates the dissolution, precipitation, and growth
of secondary phases. According to [37, 38], this grain refine-
ment at SZ and HAZ is mainly attributed to the dissolution
and precipitation of secondary phases and change in micro-
structure of the weld zone. The increase in the hardness in
the SZ is due to severe plastic deformation and dynamic

recrystallization with the donor material inserted on top of
the workpiece during the plunge stage. With the amount of
heat generated by friction between the tool head and the
donor material, the grain refinement predominantly occurred
in the SZ. This led to increased hardness inside the SZ. It is
noted that the hardness in the SZ, the TMAZ, and the HAZ
with 20% Cu donor material is higher than that of the 60%
Cu stir donor material and also of the Al-Al control welded
samples with 3-mm/s welding speed. This is due to the
slower cooling rate in the 20% Cu donor samples, which led
to the SZ to retain most of its heat for a longer period which
resulted in added hardness of the material. During micro-
structural analysis, it was observed that the grain refinement
has taken place in the order of SZ<TMAZ <HAZ <BM,
with an average grain size of 4.77 um in the SZ, 9.6 pm in
the TMAZ, 56.73 pm in the HAZ, and 83 pm in the BM.
Since the AA6061 is a heat treatable alloy, the precipitations
of Mg,Siin Al 6061 are responsible to enhance the strength
of the alloy [39]. Several investigations have demonstrated
that the hardness of the aluminum alloys was mostly affected
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Fig.6 Micro-hardness profiles 140
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by precipitate distribution rather than grain size [40]. These
precipitates highly dissolve in FSW processes, which even-
tually reduces the UTS of FSW joints. The changes in hard-
ness distribution at different zones could be due to the high
dissolution of the precipitate and grain size during FSW.
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4.4 Tensile test

Figure 7a, b show a comparison of tensile test properties of
joints made at 1400-rpm tool rotational speed and welding
speeds at 1 mm/s and 3 mm/s, respectively. The ultimate
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Fig.7 (continued)

tensile strength (UTS) of the FSWed samples was found to
be less than the base material. The average UTS for AW
control samples obtained at 1400 rpm and 1 mm/s was
192 MPa. Using the same rotational and welding speed, the
average UTS of the 20%, 40%, and 60% donor-assisted FSW
joints was similar to the AW samples of ~190 MPa. The
weld strength is about 100% similarity comparing with and
without donor enabled FSWed AA6061-T6 joints. For the
joints made at 1400 rpm and 3 mm/s, the average UTS of
AW samples decreases to 180 MPa. The UTS values were
187 and 166 MPa for the 60% and 20% donor-assisted sam-
ples, respectively. It was also observed that the ductility
decreased constantly from Al-Al to 20%, 40%, and 60% Cu
donor material at 1400-rpm, 3-mm/s welding conditions.
This ductility loss is due to secondary cracks generated in
the metal matrix during welding. The amount of heat loss is
more due to faster cooling rate and lower heat input is less
in 3-mm/s welding speed.

Figure 7c, d show the failure location of joints pro-
duced at 1400 rpm with a speed of 1 mm/s and 3 mm/s,
respectively. All samples were fractured on the RS side
near the TMAZ/HAZ in conjunction with the micro-
hardness profiles where the lowest hardness occurred in the
HAZ location. The HAZ location is the weakest zone of
the welded samples. He et al. [40] also reported similar
fracture locations subsequent to tensile testing in FSW
joint made of thick AA6061-T6 plates. The nature of the
fractured surface appeared to be ductile with dimple-like
structures. It was noticed that the donor material did not
impact the UTS of the joints for the 1400-rpm and 1-mm/s
tested samples. However, the joints of the welded samples
at 1400 rpm and a speed of 3 mm/s were found to have
some secondary cracks and tear ridges, which led to a
combination of brittle and ductile fracture as shown in
Fig. 9. These preexisting secondary cracks sites are the
easiest location where crack initiation starts internally and
cause rapid failure during the tensile testing. The tensile
fracture starts at the HAZ location in a brittle fashion and
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propagates at 45° into the TMAZ/SZ in a ductile fashion.
This can be seen in the images shown in Fig. 7c, d.

4.5 Fractography

Fractured surfaces of all tensile samples were investigated
by field emission scanning electron microscope (FE-SEM).
Figure 8a—h show the fracture morphologies of the 1400-
rpm and 1-mm/s welded samples. These fractographic
images consist of crack initiation, spherical and broken
dimples, secondary cracks, tear ridges, and particles. It
has been observed that crack initiation occurs near the
TMAZ/HAZ on the RS. The fractured surface presents
a large number of small spherical dimples with layered
distribution, which often belongs to a ductile fracture.
The fractured surface is covered with small deep dimples
embedded with secondary particles which indicates good
ductility. In higher magnification, dimples are clearly vis-
ible in images as shown in Fig. 8b, d, f and Fig. 9a, e,
g. These dimples appear in the ductile fractured surface,
which are only corresponding to a void. The failure mode
was observed to be ductile fracture in AW with 20%, 40%,
and 60% donor material. However, there were also some
tearing ridges seen on the fractured surface which indi-
cates loss of ductility.

Figure 9a-i show fracture morphologies of the
1400 rpm with a speed of the 3-mm/s welded sample.
These fractographic images consist of crack initiation,
spherical and broken dimples, secondary cracks, tear
ridges, and secondary phase particles. In the AW fractured
surface, the secondary phase particles were embedded in
the dimples which indicates good ductility. This can be
observed in the tensile test plots Fig. 7b. The secondary
cracks and broken dimples are observed on all fracture
surfaces which indicates brittle fracture and lost ductility
in comparison with AW condition. This loss of ductility
can be clearly seen in Fig. 7b. All these features indicate
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Fig.8 SEM fractography images for 1400-rpm and 1-mm/s welding particles and dimples (¢, d), 40% Cu donor specimen shows spheri-
condition after tensile test. AW samples show spherical and broken cal dimples (e, f), and 60% Cu donor specimen shows spherical and
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Fig.9 FE-SEM fractography
images for 1400-rpm and
3-mm/s welding condition after
tensile test. AW samples show
secondary phase particles (a, b),
20% Cu donor specimen shows
a brittle fracture, secondary
cracks (c, e), 40% Cu donor
specimen shows brittle and
ductile fracture images (f, g),
and 60% Cu donor specimen
shows secondary cracks with

a combination of brittle and
ductile fracture with small and
elongated dimples (h, i)
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that a combination of brittle and ductile fractures was
observed in the 20%, 40%, and 60% Cu donor material-
assisted FSW.

5 Conclusions

In this study, Cu donor material-assisted FSW was success-
fully used in the joining of AA6061-T6 alloy plates using
different welding speeds and a constant tool rotational
speed. The downward force, post-weld microstructure, and
mechanical properties of the welded plates were studied. The
following important conclusions are drawn from this study.

1. The downward force generated in the FSW processes
gradually decreased subsequent to embedding the Cu
donor material by 20%, 40%, and 60% of the work-
pieces. The downward force is decreased by a maximum
of 83% for a 60% Cu donor material due to excessive
heat transfer from the donor material to the workpiece.
This proposed work of integrating a Cu donor material
at the initial plunge stage is promising to increase the
tool life without compromising the mechanical proper-
ties for the given welding parameters. The implementa-
tion of the donor material increases the lifetime of the
FSW tools which is critically useful and economical.

2. The stir zone (SZ) and the thermo-mechanically affected
zone (TMAZ), which were predominantly composed of
equiaxed grains, experienced full dynamic recrystalliza-
tion. The grain size in the SZ decreased with an increas-
ing heat input (i.e., increasing tool rotational rate and
decreasing welding speed). The average grain size in
the SZ is 4.77 um, the TMAZ is 9.6 um, the HAZ is
56.73 pm, and the BM is 83 pm. There was no change
in grain size in the SZ with embedded Cu donor material
for the different thicknesses of the workpiece used in this
research (20%, 40%, and 60%).

3. The joints presented a W-shaped hardness profile of the
cross-section. The minimum hardness of HV 65-68 was
measured in the HAZ and increased to a HV of 80-85 at
the center of SZ. When the welding speed was increased
from 1 to 3 mm/s, the measured hardness of the HAZ
gradually decreased whereas the hardness in the SZ
increased. The overall measured hardness across the SZ
was slightly higher at a lower heat input (i.e., at a con-
stant tool rotational rate and/or a higher welding speed).

4. The maximum tensile strength obtained at 1400 rpm
and 1 mm/s was 192 MPa for both with and without Cu
donor material, which is 73.2% of the base material. The
joints made with Cu donor material had no significant
effect on the improvement of the tensile strength.

5. Fractography of the tensile testing failure samples for the
1400-rpm, 1-mm/s joints exhibited ductile-like fracture
with some secondary particles in addition to spherical
and broken dimples. The fractured surface for the 1400-
rpm, 3-mm/s speed appeared to be a combination of brit-
tle and ductile-like fracture. The secondary cracks and
broken dimples were also observed for the 20%, and the
60% Cu donor material.

In summary, although it is proven that the downward
force is drastically decreased with embedded Cu donor
material, no significant changes occurred in the mechani-
cal properties of the welded joints. In the future, to fur-
ther understand the temperature profiles and enhance the
mechanical properties, the authors will continue to con-
duct further testing and measurement of the temperature
profiles at different welding regions and conduct heat
treatment with several solution treatments and aging time
limits.

Acknowledgements The authors would like to acknowledge support from
NASA (award number: SONSSC20M0015). The author ZW also would like
to acknowledge support from ONR (award number: N00014-19-1-2728).
Any opinions, findings, and conclusions or recommendations expressed in
this material are those of the author(s) and do not necessarily reflect the
views of the NASA and ONR. The authors would also like to thank the Com-
monwealth Center for Advanced Manufacturing (CCAM) and Amsted Rail
for providing the facility for sample characterization. The assistance of Geoff
Widman in performing the experiments is also gratefully acknowledged.

Author contribution Dr. S. Bhukya carried out experimentation and
data analysis and wrote/revised the manuscript. Dr. Z. Wu, as the
Principal Investigator, secured funding and resources for the research,
designed experiment, and wrote and revised the manuscript. Mr. J.
Maniscalco proofread the manuscript. Dr. A. Elmustafa conceptualized
the experiment, reviewed, and revised the manuscript.

Funding The work is supported by NASA (award number:
80ONSSC20MO0015). Any opinions, findings, and conclusions, or rec-
ommendations expressed in this material are those of the author(s) and
do not necessarily reflect the views of the NASA.

Availability of data and material (data transparency) Data is available
upon request. We will also deposit it to a repository after acceptation.

Declarations

Ethics approval Not applicable. This research is on FSW experimenta-
tion; it does not need Institutional Review Board (IRB) approval.

Consent to participate Not applicable.
Consent for publication The authors give our consent for the publica-
tion of identifiable details, which can include photograph(s) and details

within the text (“Material”) to be published in the International Journal
of Advanced Manufacturing Technology.

Conflict of interest The authors declare no competing interests.

@ Springer



2862

The International Journal of Advanced Manufacturing Technology (2022) 119:2847-2862

References

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

Thomas WM, Nicholas ED, Needham JC, Murch MG, Templesmith
P, Dawes CJ et al (1991) Patent Application No. 91259788

Zhao J, Jiang F, Jian HG, Wen K, Jiang L, Chen XB (2010) Com-
parative investigation of tungsten inert gas and friction stir welding
characteristics of Al-Mg-Sc alloy plates. Mater Des 31:306-311
Cavaliere P, Cabibbo M, Panella F, Squillace A (2009) 2198 Al-Li
plates jointed by friction stir welding: mechanical and microstruc-
tural behavior. Mater Des 30:3622-3631

Thomas WM, Nicholas ED (1997) Friction stir welding for the
transportation industries. Mater Des 18:269-273

Mishra RS, Ma ZY (2005) Friction stir welding and processing.
Mater Sci Eng R 50:1-78

Bousquet E, Poulon-Quintin A, Puiggali M, Devos O, Touzet M
(2011) Relationship between microstructure, microhardness and
corrosion sensitivity of an AA 2024-T3 friction stir welded joint.
Corros Sci 53:3026-3034

Ericsson M, Sandstrom R (2003) Influence of welding speed on
the fatigue of friction stir welds, and comparison with MIG and
TIG. Int J Fatigue 25:1379-1387

Jariyaboon M, Davenport AJ, Ambat R, Connolly BJ, Williams SW, Price
DA (2007) The effect of welding parameters on the corrosion behav-
iour of friction stir welded AA2024-T351. Corros Sci 49:877-909
Rice JM, Mandal S, Elmustafa AA (2014) Microstructural
investigation of donor material experiments in friction stir weld-
ing. Int J Mater Form 7:127-137

Mandal S, Rice J, Hou G, Williamson KM, Elmustafa AA
(2013) Modeling and simulation of a donor material concept
to reduce tool wear in friction stir welding of high-strength
materials. J Mater Eng Perform 6:1558—-1564

Mandal S, Rice J, Elmustafa AA (2008) Experimental and
numerical investigation of the plunge stage in friction stir weld-
ing. J Mater Process Technol 23:411-419

Mandal S (2009) Numeric/experimental investigation of plunge
stage and effect of donor material in friction stir welding, Ph.D.
Dissertation, Old Dominion University, Norfolk

Padhy GK, Wu CS, Gao S (2015) Auxiliary energy assisted
friction stir welding — status review. Sci Technol Weld Joining
613(8):631-649

Potluri H, Jones JJ, Mears L (2013) Comparison of electrically
assisted and conventional friction stir welding processes by feed
force and torque. Proc. ASME 2013 Int Manuf Sci Eng Conf.,
Madison, WI, USA, Jun 2013, ASME, paper MSEC2013-1192

. Liu X, Lan S, NiJ (2015) Electrically assisted friction stir weld-

ing for joining Al 6061 to TRIP780 steel. J Mater Process Tech-
nol 219:112-123

Luo J, Chen W, Fu G (2014) Hybrid-heat effects on electri-
cal current aided friction stir welding of steel, and Al and Mg
alloys. J Mater Process Technol 214:3002-3012

LuoJ, Li F, Chen W (2013) Experimental researches on resistance heat
aided friction stir welding of Mg alloy. Q J Jpn Weld Soc 31:655—68s
Oeystein G, Ove KA, Midling OT, Hydro N (1999) Modi-
fied friction stir welding, International patent application no.
WO01999039861 Al

Alvarez I, Garcia M, Pena G, Sotelo J, Verdera D (2014) Evalu-
ation of an induction-assisted friction stir welding technique for
super duplex stainless steels. Surf Interface Anal 46:892-896
Alvarez Al Cid V, Pena G, Sotelo J, Verdera D (2013) Assisted
friction stir welding of carbon steel: Use of induction and laser
as preheating techniques. InFriction Stir Welding and Process-
ing VII (pp. 117-126). Springer, Cham

Sun YF, Konishi Y, Kamai M, Fujii H (2013) Microstructure
and mechanical properties of S45C steel prepared by laser-
assisted friction stir welding. Mater Des 47:842-849

@ Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Song KH, Tsumura T, Nakata K (2009) Development of micro-
structure and mechanical properties in laser-FSW hybrid welded
Inconel 600. Mater Trans 50:1832-1837

Campanelli SL, Casalino G, Casavola C, Moramarco V (2013)
Analysis and comparison of friction stir welding and laser
assisted friction stir welding of aluminum alloy. Materials
6:5923-5941

Liu XC, Wu CS, Padhy GK (2015) Improved weld macrosec-
tion, microstructure and mechanical properties of 2024A1-T4
butt joints in ultrasonic vibration enhanced friction stir weld-
ing’. Sci Technol Weld Join 20:345-352

Rostamiyan Y, Seidanloo A, Sohrabpoor H, Teimouri R (2015)
Experimental studies on ultrasonically assisted friction stir spot
welding of AA6061. Arch Civ Mech Eng 15:335-346

Shi L, Wu CS, Liu XC (2015) Modeling the effects of ultrasonic vibra-
tion on friction stir welding. J Mater Process Technol 222:91-102
Zhao YH, Lin SB, Qu FX, Wu L (2006) Influence of pin geom-
etry on material flow in friction stir welding process. Mater Sci
Technol 22(1):45-50

Seidel TU, Reynolds AP (2001) Visualization of the material
flow in AA2195 friction stir welds using a marker insert tech-
nique. Metall Mater Trans A 32:2879-2884

Guerra M, Schmidt C, McClure JC, Murr LE, Nunes AC (2003)
Flow patterns during friction stir welding. Mater Charact
49:95-101

ASTM, 2013 ASTM E8/E8M-13a. 2013. Standard Test Methods
for Tension Testing of Metallic Materials. West Conshohocken, PA:
ASTM International. https://doi.org/10.1520/E0008_E0008M-13A
Astarita A, Squillace A, Carrino L (2014) Experimental study
of the forces acting on the tool in the friction-stir welding of AA
2024 T3 sheets. ] Mater Eng Perform 23(10):3754-3761
Zimmer S, Langlois L, Laye J, Bigot R (2010) Experimental
investigation of the influence of the FSW plunge processing
parameters on the maximum generated force and torque. Int J
Adv Manuf Technol 47:201-215

Banik A, Barma JD, Saha SC (2020) Effect of threaded pin tool
for friction stir welding of AA6061-T6 at varying traverse speeds:
torque and force analysis. Iran J Sci Technol Trans Mech Eng
44:749-764

Lambiase F, Paoletti A, Di Ilio A (2018) Forces and temperature
variation during friction stir welding of aluminum alloy AA6082-
T6. Int J Adv Manuf Technol 99:337-346

Cam G (2011) Friction stir welded structural materials: beyond
Al-alloys. Int Mater Rev 56:1-48

Su JQ, Nelson TW, Sering CJ (2005) Microstructure evolution
during FSW/FSP of high strength aluminum alloys. Mater Sci
Eng A 405:277-286

Li YP, Sun DQ, Gong WB, Liu L (2019) Effects of postweld
aging on the microstructure and properties of bobbin tool friction
stir-welded 6082-T6 aluminum alloy. Int J] Miner Metall Mater
26:849-857

Li WY, Fu T, Hiitsch L, Hilgert J, Wang FF, dos Santos JF, Huber
N (2014) Effects of tool rotational and welding speed on micro-
structure and mechanical properties of bobbin-tool friction-stir
welded Mg AZ 31. Mater Des 64:714-20

Lin H, Hwang JR, Fung CP (2016) Fatigue properties of 6061—
T6 aluminum alloy butt joints processed by vacuum brazing and
tungsten inert gas welding. Advances in Mech Engg 8:1-13
HeJ, Ling Z, Li H (2016) Effect of tool rotational speed on resid-
ual stress, microstructure, and tensile properties of friction stir
welded 6061-T6 aluminum alloy thick plate. Int J] Adv Manuf
Technol 84:1953-1961

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1520/E0008_E0008M-13A

	Effect of copper donor material-assisted friction stir welding of AA6061-T6 alloy on downward force, microstructure, and mechanical properties
	Abstract
	1 Introduction
	2 Literature review
	3 Experimental procedure
	4 Results and discussion
	4.1 Downward force generation
	4.2 Microstructure
	4.3 Micro-hardness
	4.4 Tensile test
	4.5 Fractography

	5 Conclusions
	Acknowledgements 
	References


