
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ystw20

Science and Technology of Welding and Joining

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ystw20

Effect of tool offsetting on friction stir welding
of dissimilar aluminium matrix composite and
aluminium alloy

Chen Wang, Beibei Wang, Peng Xue, Dingrui Ni, Bolv Xiao, XiaoDong Hou,
Jianbo Gao, Liqing Chen & Zongyi Ma

To cite this article: Chen Wang, Beibei Wang, Peng Xue, Dingrui Ni, Bolv Xiao, XiaoDong Hou,
Jianbo Gao, Liqing Chen & Zongyi Ma (2022) Effect of tool offsetting on friction stir welding of
dissimilar aluminium matrix composite and aluminium alloy, Science and Technology of Welding
and Joining, 27:7, 586-593, DOI: 10.1080/13621718.2022.2091342

To link to this article:  https://doi.org/10.1080/13621718.2022.2091342

View supplementary material 

Published online: 27 Jun 2022.

Submit your article to this journal 

Article views: 199

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ystw20
https://www.tandfonline.com/loi/ystw20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/13621718.2022.2091342
https://doi.org/10.1080/13621718.2022.2091342
https://www.tandfonline.com/doi/suppl/10.1080/13621718.2022.2091342
https://www.tandfonline.com/doi/suppl/10.1080/13621718.2022.2091342
https://www.tandfonline.com/action/authorSubmission?journalCode=ystw20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ystw20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/13621718.2022.2091342
https://www.tandfonline.com/doi/mlt/10.1080/13621718.2022.2091342
http://crossmark.crossref.org/dialog/?doi=10.1080/13621718.2022.2091342&domain=pdf&date_stamp=2022-06-27
http://crossmark.crossref.org/dialog/?doi=10.1080/13621718.2022.2091342&domain=pdf&date_stamp=2022-06-27


SCIENCE AND TECHNOLOGY OF WELDING AND JOINING
2022, VOL. 27, NO. 7, 586–593
https://doi.org/10.1080/13621718.2022.2091342

Effect of tool offsetting on friction stir welding of dissimilar aluminiummatrix
composite and aluminium alloy

Chen Wanga,d, Beibei Wanga,b, Peng Xueb, Dingrui Nib, Bolv Xiaob, XiaoDong Houa, Jianbo Gaoa,
Liqing Chenc and Zongyi Mab

aCentre of Excellence for Advanced Materials, Dongguan, People’s Republic of China; bShi-changxu Innovation Center for Advanced
Materials, Institute of Metal Research, Chinese Academy of Sciences, Shenyang, People’s Republic of China; cState Key Laboratory of Rolling
and Automation, Northeastern University, Shenyang, People’s Republic of China; dSpallation Neutron Source Science Center, Dongguan,
People’s Republic of China

ABSTRACT
Commercial 6061 Al alloy and SiCp reinforced 6092 Al matrix composite (AMC) were joined
by friction-stir welding (FSW) with different tool offsets. Results show offsetting the pin to Al
alloy side could significantly reduce tool wear, whilemaintaining ultimate tensile strength of the
joint around 180MPa. As tool offset increased from zero to 3mm, pin and shoulder wear length
reduced from 0.17mm to almost zero and from 0.28 to 0.02mm, respectively. The correspond-
ing estimated maximum safe welding length increased from 568 to 3125mm. Fe debris were
generated from the steel pin by the sharp SiC particles, then transferred into the nugget zone,
eventually formed Al8Fe2Si particles during the FSW process.
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Introduction

Ceramic particles discontinuously reinforced Al matrix
composites (AMC) are often used in aerospace and
automotive industries due to its high modulus, high
strength, low thermal expansion coefficient, and good
thermal conductivity [1,2]. These physical and
mechanical properties have attracted considerable
attention; however, high cost and poor ductility lim-
ited their wide use in the industrial application. It is
often the case that key parts are made of AMC, but
commercial Al alloys are still used for the main prod-
uct especially in aerospace and automotive industries.
Therefore, it is necessary to join AMC with commer-
cial Al alloys as a solution to reduce cost and improve
performance.

Fusion welding is traditionally used to join AMC
parts, but this technique often generates large poros-
ity and deleterious reactions between the reinforcement
particles and liquid Al matrix in the fusion zone, caus-
ing mechanical degradation of AMC joints [3,4]. Fric-
tion stir welding (FSW) was first developed by The
Welding Institute (TWI) in 1991 as an innovative solid
state welding technique, to avoid these drawbacks arose
from conventional fusion welding methods [5]. Since
then, FSW has been successfully used to join Al alloys
by industrial manufacturers, and achieved high quality
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joints between Al alloys and other materials (referred
as ‘dissimilar FSW’ in this study), including Al alloys
and Mg alloys, Al alloys and Cu alloys, and Al alloys
and steels [6–9]. Theoretically, a high-quality joint is
more likely to be achieved between Al alloys and its
corresponding AMC due to their similar properties.

Indeed, several researchers have already worked
on the dissimilar FSW between AMC and Al alloys
[10–14]. It was found that welding parameters are the
dominant factors affecting the quality of the dissimilar
FSW joints. Optimised welding parameters (includ-
ing rotation rate and traverse speed) can be obtained
through experiments to produce high quality joints
[15–17]. It was also found that the relative position of
raw materials in respect with the welding direction,
often referred as the advancing side (AS) or retreating
side (RS), can play a critical role in the FSW process.
Wert [10] studied the influence of rawmaterial position
on the mixing effect between 20vol.-%Al2O3/2014Al
composite and 2014 Al alloy by FSW, and they found
that the mixing effect was improved when using 20vol.-
%Al2O3/2014Al composite on the AS and the 2014 Al
alloy on the RS. However, Guo et al. [11] suggested
to put 6063 Al on the AS and B4Cp/1100Al compos-
ite on the RS, in order to get a better mixing effect
and a stronger joint. In general, the strength of FSW
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joints is considered as the key factor for determining
the sample position arrangement. The mixing effect of
the FSW joint betweenAMCandAl alloys is considered
to be better when the harder material is located on the
AS [11].

In addition to the welding parameters, tool wear also
needs to be considered for dissimilar FSW of AMC
and Al alloys, because of the existence of hard parti-
cles in the AMC. Steel tools are often used in FSW, but
they show serious wear after a short time of welding.
It is often the case that the tool wear was too seri-
ous to accomplish a long distance welding. Moreover,
wear debris generated from the tool wear and related
reactants may reduce the overall mechanical perfor-
mance of the joints. Feng et al. [18] reported that the
formation of the deleterious phase Cu2FeAl7 resulted
in a decrease in the joint strength during the FSW of
SiCp/2009Al composites.

Various methods were developed to increase the
lifetime of steel tools in FSW. It was found that the
tool wear rate could be reduced by increasing rotation
rate and decreasing traverse speed [19–21]. It was also
reported that offsetting the tool to the Al alloy side
could reduce the tool wear during FSW of Al–steel and
Al–Cu systems [22–24], but not proved in the AMC-Al
alloy combination. Cioffi et al. [12] studied the mixing
effect of tool offset between AMC and Al alloy without
considering the tool wear. They found severer mate-
rial flow by offsetting the tool to Al alloy, causing a
weak bonding in the bottom of joint. They also stud-
ied the effect of offsetting to the AMC side and found
a weak joint due to bad material flow. However, Xiao
et al. [13] reported that more Al alloy was likely to be
introduced into the nugget zone (NZ) when offsetting
the tool towards the Al alloy side, forming a weak Al
layer.

In this study, the tool wear behaviour caused by tool
offsetting during the dissimilar FSW of AMC and Al
alloywas studied for the first time. Themicrostructures,
hardness profiles and tensile properties of FSW joints
were carefully investigated to understand the impact
of offsetting the tool to the Al alloy side and elucidate
wear mechanism with practical implication for a wide
application of this method.

Experimental

Two basematerials (BMs), 17 vol.-% SiCp/6092Al com-
posite rolled plate (referred as AMC plate in this
study) and commercial 6061Al-T651 alloy rolled plate
(referred as Al alloy plate in this study), were obtained
with a dimension of 300mm× 80mm× 6mm for fric-
tion stir butt welding along the rolling direction. The
chemical compositions of Al matrix in AMC and
Al alloy are shown in Table S1. Before welding, the
AMC plates were solution treated at 530°C for 1 h

and then quenched in water at room temperature, fol-
lowed by immediate subsequent artificial aging treat-
ment at 175°C for 4 h. The tensile properties of the BM
plates perpendicular to the rolling direction are listed
in Table S2.

The AMC plate was located on the AS and the
Al alloy plate was located on the RS during welding.
The cylindrical thread pin and concave shoulder were
both made of H13 steel, using a design that the pin
and the shoulder could be easily separated for wear
assessment by loosening the side screw, as schemati-
cally illustrated in Figure 1(a). The shoulder diame-
ter was 20mm and the pin diameter was 6mm. The
pin length was 5.75mm measured when the shoulder
and pin assembled together, referred as ‘effective pin
length’ in the following discussions. The rotation rate
was chosen as 1000 rev min–1 and the traverse speed
was set to 50mmmin–1 to achievemaximumwear [19].
The welding length was 250mm and the offset val-
ues to the Al alloy side were set as 0, 1, 2 and 3mm
(referred as FSW-0, FSW-1, FSW-2, FSW-3 in the fol-
lowing discussions). The schematic illustration of the
FSW experimental design is shown in Figure 1(b).

The tool wear was assessed by weighing the pin and
shoulder using a top pan balance before and after weld-
ing. The pin and shoulder length were measured by
vernier calliper. The cross-section of the joint perpen-
dicular to the welding direction was imaged using an
optical microscope (OM). The particles inside the NZ
were examined by using TECNAI G2 F20 transmission
electron microscopy (TEM), equipped with an energy
disperse spectroscopy (EDS) system. The samples were
first mechanically ground to a thickness of 50μm and
then punched into discs of 3mm diameter. The discs
were dimpled and ion-milled at about −70°C before
TEM observation.

The microhardness profiles of the welds were mea-
sured on the cross-section along the centre line across
the welded plates using a Vickers hardness tester using
500 gf measurement load for 15 s. Tensile specimens
with a dimension of 40mm× 10mm× 6mmwere pre-
pared for examining tensile properties of FSW joints,
obtained perpendicular to the welding direction with
the NZ at the gauge centre. In order to investigate
the local mechanical behaviour near the welding line,
mini-size dog-bone shaped tensile specimens with a
dimension of 5mm× 1.4mm× 1.0mm were also pre-
pared perpendicular to the FSW direction with the
interface of Al alloy and AMC at the gauge cen-
tre, using an electrical discharge machine (see Figure
1(c)). Tensile tests for large and mini tensile specimens
were conducted at an initial strain rate of 1× 10−3

s−1, using Instron 5982 tensile testing machine and
Instron 5848 tensile testing machine, respectively; rep-
resentative tensile results were obtained by averaging
at least three repeated experiments for each sample
type.
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Figure 1. Schematic illustration of (a) dissimilar FSW of AMC and Al alloy (b) the location of the tensile specimen.

Figure 2. Cross-sectional macrostructure of dissimilar FSW joint between AMC and Al alloy with different pin offset to 6061 Al alloy
side.

Results and discussion

The optical microscope images in Figure 2 show
macrostructures of the weld cross-section perpendic-
ular to the welding direction with different tool offsets,
where nomacroscopic defects were found in thewelded
joint of the four FSW samples. The dark region is AMC,
the bright region is Al alloy, and the grey region is
the mixing zone in all four samples. SiC particles were
found uniformly distributed in the grey region of FSW-
0 sample except the dark band in the upper boundary of
NZ as shown in Figure 2(a). It was also confirmed off-
setting the tool to the Al alloy side could significantly
change the NZ morphology (see Figure 2(b–d)). With
increasing the offset value, the grey region is becoming
brighter and less uniform, indicating that SiC particles
are reduced due to the lack of feeding from the AS side.
The separation of the NZ along the vertical direction
was observed with offset to Al alloy side, showing that
an ‘ε-shape’ caused by complex flow of the NZ was
made up with horizontal fluxion and vertical fluxion
[25]. The AMC involved in the flow were reduced with
the tool offset to Al alloy side, hence the mixing effect
between AMC and Al alloy seemed to be inadequate in
the vertical direction, resulting in the layer separation
of NZ.

More details of the welding microstructures corre-
sponding to the labelled areas (a–f) in Figure 2 are
shown in Figure 3, obtained using a higher magnifica-
tion OM. Only a small quantity of impurity was found
in the Al alloy of FSW-0 sample, while dense SiC parti-
cles were uniformly distributed in the AMCmatrix (see
Figure 3(a,b)). Figure 3c shows microstructures of the

dark band in NZ upper boundary. The characteristic of
SiC particles distribution in the dark band was simi-
lar to that in the AMC BM, due to insufficient mixing
and mutual diffusion as the AMC was brought into the
NZ. Similar dark bands were also found in the FSW-1
sample as shown in Figures 2(b) and 3(d), then gradu-
ally evolving into an onion-ring structure when further
increasing the offset values in FSW-2 and FSW-3 sam-
ples as shown in Figures 2(c,d) and 3(e,f). Bright bands
in the onion-ring structure are Al alloy with few SiC
particles while the dark bands are AMC or SiC parti-
cle enriched Al alloy, caused by excess Al alloy being
brought into the NZ due to offsetting and the unique
stirring mechanism of FSW.

The original shape of a typical pin before welding
is illustrated in Figure 4(a). For each sample, a new
pin was used and the morphologies of the pin after a
250mm welding distance are shown in Figure 4(b–d)
to investigate the influence of tool offsetting. Obvious
wear was found in the pins used for FSW-0 and FSW-
1 samples, as the pin threads almost disappeared. The
middle part of the pin underwent most serious wear as
compared with top and root parts. This self-optimised
morphology was also reported in other studies [19–21]
and suggested to use this special profile as a novel shape
design to reduce pin wear. However, in term of tool
morphology, hardly any wear was observed in FSW-
2 and FSW-3 samples. This is due to the reduction
of SiC particles as Al alloy volume fraction increased
in NZ. In addition, no obvious changes in diameter
and length were observed in these two pins, but it
is believed that wear still occurred at smaller length
scales.
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Figure 3. Optical microstructure of dissimilar FSW joint between AMC and Al alloy with different pin offset to Al alloy side (Figures
(a)–(f ) corresponded to the regions a–f in Figure 2).

Figure 4. Morphologies of tools before and after FSW with different pin offset to Al alloy side: (a) before FSW; (b) FSW-0 sample; (c)
FSW-1 sample; (d) FSW-2 sample; (e) FSW-3 sample.

To evaluate the tool wear accurately, the mass and
length of all pins and shoulderswere carefullymeasured
before and after 250mm welding, and the difference
was taken as wear length and wear mass as summarised
in Figure 5, showing a clear reduction trend when off-
set values increased from 0 to 3mm. The wear length
of the pin reduced from 0.17mm to almost zero and
the corresponding wear mass reduced from 0.18 to
0.04 g, while the wear length of the shoulder reduced
from 0.28 to 0.02mmand the corresponding wearmass
reduced from 0.18 to 0.04 g and from 0.41 to 0.04 g. It
is important to point out that more wear was found
in the shoulder than in the pin itself for all the four
samples, as pin wear length for FSW-2 and FSW-3 is
almost getting to zero but the shoulder continued to
get shorter. This means the shoulder is wearing more
than the pin and the effective pin length is becoming
relatively longer during the welding especially for large
offset values (see Figure S1). As the effective pin length
is becoming comparable with the rolling plate thickness
(6mm in this study) or even longer, the pin will be in
direct contact with the baseplate made of steel, caus-
ing unexpected damage and poor welds. The concave
shape of the shoulder helped this process as the contact

between the shoulder and the plates is a ring contact
with material flow inside, likely to experience a higher
pressure hence causing a more rapid wear. Therefore,
it is important to establish a method for calculation
of allowed pin length by considering the wear of both
pin and shoulder, especially for FSW with significant
offsetting towards Al alloy.

The pin wear length, �lp, is defined in Equation (1)

�lp = l′p − lp (1)

where lp and l′p are the length from the root of concave
cavity of shoulder to the bottom of pin before and after
FSW (schematically illustrated in Figure S1), measured
when the shoulder and pin are separated. The shoulder
wear length, �ls, can be obtained by Equation (2)

�ls = l′s − ls (2)

where ls and l′s are the depth in the concave cavity of
the shoulder before and after FSW, respectively. There-
fore, the effective pin length, �lep, can be expressed by
Equation (3),

�lep = l′ep − lep = �lp − �ls (3)
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Figure 5. Tool wear after FSW with different pin offset to Al alloy side: (a) wear length; (b) wear mass.

where lep and l′ep are the perpendicular distance from
the shoulder bottom surface to the pin bottom surface
before and after FSW,measured when the shoulder and
pin are assembled together.

Based on the experimental results obtained in this
study, the effective pin length changing rate is calculated
as the effective pin length change (�lp) divided by the
welding length. For FSW-0 sample,�lep is 0.11mmand
the welding length is 250mm, hence the effective pin
length changing rate is calculated as 4.4× 10–4. Consid-
ering the thickness of the rolling plate is only 6mm, it is
estimated the maximum safe welding length is (6–5.75)
mm / 4.4× 10–4 = 568mm. Applying the same calcu-
lations for other three samples, the effective pin length
changing rate for FSW-1, FSW-2 and FSW-3 samples
are 1.2× 10–4, 1.6× 10–4 and 8× 10–5; the correspond-
ing maximum safe welding lengths are estimated as
2083, 1562, 3125mm, respectively. It is strongly recom-
mended that this kind of calculation should be carried
out for FSW to improve experimental design especially
with offsetting towards Al alloys side.

Vickers microhardness distributions across the joint
in Figure 6 show deviating from the traditional ‘W-
shape’, largely due to the different mechanical prop-
erties of the two BMs. The lowest microhardness on
the RS is about 54 HV (roughly 63% of Al alloy BM),
while the lowest microhardness on the AS is about 80
HV (only 55% of AMC BM). It was also found that the
HAZ range in the Al alloy side and the AMC side was
quite different, and the width was estimated as 16 and
20mm respectively. The hardness reduction in HAZ
is directly related to the β′′ phase coarsening through
the thermal cycle in the FSW processing [26]. These
microhardness results in Figure 6 also show that micro-
hardness reduction in proportion to the original BM
hardness on the AS is more significant than that on
the RS. This is because that AMC is more likely to be
affected by the thermal cycle during the FSW process
than Al alloy under the same welding conditions. The
mismatch between SiC particles and matrix in AMC
could cause high dislocation density near the inter-
face, contributing to the acceleration of the diffusion
between Mg and Si solutes. As a result, the coarsening

Figure 6. Microhardness profiles of dissimilar FSW joints with
different pin offset to Al alloy side.

process of precipitates in the matrix will be promoted,
leading to more serious hardness loss in the HAZ in
AMC [27]. It is worth pointing out that the low hard-
ness zone (LHZ) within the HAZ is closer to NZ as
the pin offset increased from 0 to 3mm, affected by the
reduction of friction heat between stirring tool and SiC
particles. Compared to HAZ, more fluctuations were
found in the hardness profiles of NZ in all samples.
The microhardness value in NZ was mainly influenced
by SiC particle distribution; local regions with dense
particles could show significant increase in hardness as
compared to the adjacent region in FSW-0 and FSW-
1 samples. The hardness distribution profile of sam-
ple FSW-3 was found more smooth, implying a more
homogenous distribution of SiC particles.

The engineering stress–strain curves obtained from
the FSW samples are shown in Figure 7(a). All the four
samples showed similar yield strength (YS) and ulti-
mate tensile strength (UTS), about two-thirds of 6061
Al alloy BM (see Table S2). It was found that fracture
happened within the HAZ of Al alloy side in all the four
samples, in particular, near the LHZ, leading to rela-
tively low elongation (El). This is expected as the UTS
of 6061 Al alloy is much lower than the that of AMC;
actually, the UTS of Al alloy is even lower that the YS of
AMC, hence the deformation would always happen at
the Al alloy side. It was also found in these samples with
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Figure 7. Engineering stress–strain curves of (a) dissimilar FSW joints; (b) mini specimens including interface between AMC and Al
alloy with different pin offset.

Figure 8. TEM images of (a) particles in the NZ of sample FSW-0; (b) elements distribution in the zone framed by red rectangle in (a);
(c) Fe-containing particles with inserted micrographs, showing a selected area diffraction pattern.

standard dimensions that the tool offset did not have a
significant influence on the tensile performance of the
joints.

In order to further investigate the influence of dif-
ferent welding parameters on the mechanical perfor-
mance, mini tensile specimens with a length of only
5mmwere prepared as shown in Figure 1(b), to exclude
the HAZ influence. The engineering stress–strain
curves of the four samples are shown in Figure 7(b),
obtained from mini tensile specimens. The UTS of all
the mini-specimens is among 220–250MPa, still lower
than the Al alloy BM but much improved than the UTS
obtained from the FSW joints. All the mini specimens
still fractured at the Al alloy side, suggesting the excel-
lent interface strength between the Al alloy and AMC.
Different Els were found in thesemini specimens, prob-
ably caused by the different percentages of AMC and
Al alloy from the irregular interface shape. Neverthe-
less, these tensile results strongly confirm that sound
joints between these two dissimilar materials could be
achieved by FSW.

The microstructure in NZ of sample FSW-0 was
examined using TEM equipped with EDS (Figure 8).
TEM examinations revealed many round particles with
diameter around 1μm, randomly distributed within
the matrix; bigger particles with irregular shape and
sharp corners were also found (Figure 8(a)). EDS map-
ping shows that these big particles contain mainly Si
and C and round smaller particles contain mainly Fe

and Al, indicating these SiC particles and the round
small particles are compound formed by the chemi-
cal reaction between the Al matrix and Fe debris from
stir tool (Figure 8(b)). These Fe-containing particles
were further identified as Al8Fe2Si phase according
to the analysis of the selected area diffraction pattern
(Figure 8(c)). It is reported that Al–Fe–Si phase could
be formed in Al alloy or AMC with high Si content,
when reacted with Fe-rich material [28,29]. For exam-
ple, Nazari and Shabestari [28] found the formation
of Al8Fe2Si phase in immersion experiments between
H13 steel and A380 Al alloy at a temperature of 680°C
for the duration time of 2min to 2.5 h. Besides, Al8Fe2Si
phase could nucleate in the solidification process of
high Fe containing Al–Si–Cu alloys [29].

During the FSW process, hard SiC particles with
sharp corners can cause severe tool wear, transfer-
ring Fe debris from the tool into the NZ. Although
the average Fe concentration is still low, there are
always local regions containing high Fe concentration.
The FSW process also causes a temperature increase
around the pin, high enough to promote the ele-
ment reaction and even melt the local Al matrix [30].
FSW process can also cause intense plastic deforma-
tion and material mixing with a strain rate of 100–102

s−1 and a strain of up to ∼40, and thus signifi-
cantly accelerate diffusion rate and shortened diffu-
sion distance [31–33]. In combination of all these fac-
tors, it is reasonable to expect that Al8Fe2Si phase
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could be formed by the chemical reaction between
Fe debris and Al matrix within the timescale of
FSW.

The above results and discussions confirm that off-
setting the FSW tool to Al alloy side is a promis-
ing method to reduce tool wear, while still maintain-
ing good mechanical performance of the welded joint
between Al alloy and AMC. Experimental evidences
in this study clearly show that larger offset values can
increase lifetime of the pin and shoulder, with the
potential to be widely applied in all the FSW between
dissimilar welding materials. During the FSW process,
the SiC particles with sharp corners seem to have a large
impact on the tool wear, by transferring Fe debris from
the tool into theNZ to formAl–Fe–Si phase. The role of
Al–Fe–Si phase is still not clear; it is possible that these
submicron particles could lead to dispersion strength-
ening of the NZ, which needs to be further investigated
in the future work.

Conclusion

In this study, FSW was successfully used to join 6061
Al alloy and SiCp/6092Al composite. It was found that
offsetting the tool to the Al alloy side could significantly
reduce the tool wear, while maintaining goodmechani-
cal performance of the joint. The following conclusions
can be made:

(1) As the tool offset values increased from 0 to 3mm,
the pin wear length reduced from 0.17mm to
almost zero and the corresponding wear mass
reduced from 0.18 to 0.04 g, while the shoulder
wear length reduced from 0.28 to 0.02mm and
the corresponding wear mass reduced from 0.41 to
0.04 g.

(2) The NZ shape and size largely remained
unchanged even when the pin was totally off-
located to the Al alloy side, but redistribution of
SiCparticles inside theNZ introduced by offsetting
caused an onion-ring structure.

(3) Sharp SiC particles from theAMCcaused Fe debris
from the steel pin, then transferred into the nugget
zone during the FSWprocess, eventually leading to
the forming of Al8Fe2Si particles during the FSW
process.

(4) The tool offsetting showed little impact on the
hardness values of the HAZ of the FSW joint, but
slightly narrowed theHAZs due to the reduction of
the flow of AMC into the NZ. The offset value did
not have a significant effect on the overall strength
of the FSW joint, as the fracture of the FSW joint
always happened within the HAZ of Al alloy side.
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