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a b s t r a c t

Six milimeter thick hot-rolled SiCp/2009Al composite plates were successfully joined by friction stir
welding (FSW) using an ultra-hard material tool. After FSW, the distribution of the SiC particles in the
nugget zone (NZ) was more homogeneous than that in the base material (BM). Scanning electron micro-
scopic examinations (SEM) and X-ray analysis (XRD) indicated that part of the Al2Cu was dissolved into
the aluminum matrix in the NZ due to intense plastic deformation and high temperature during FSW. The
undissolved Al2Cu particles remained in the NZ and coarsened during the cooling process after FSW. The
ultimate tensile strength (UTS) of the as-welded joint is only 321 MPa and failed in the BM zone due to
the low strength of the BM. After T4 heat treatment, the strength of the joint increased and became close
to that of the BM with T4 temper, because most of the Al2Cu particles were dissolved into the matrix and
re-precipitated homogeneously as the GP zones, which are the major strengthening precipitates for
T4-tempered 2009Al alloy.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Discontinuously reinforced metal matrix composites (DRMMCs)
are attractive materials in the aerospace, instruments and automo-
tive industrial fields due to their improved specific stiffness,
strength, and superior wear resistance [1]. However, the poor wel-
dability of these composites by conventional fusion welding tech-
niques limits their industrial applications. Drawbacks such as the
incomplete mixing of the parent and filler materials, eutectic for-
mation, and the presence of porosity often occur in the fusion zone
[2–4].

Friction stir welding (FSW), a solid-state joining technique, is
considered a promising welding method for joining the DRMMCs
to avoid the drawbacks of fusion welding [3]. In the last few years,
a number of investigations have been conducted to join the
DRMMCs by FSW [5–9]. It was reported that FSW could effectively
improve the microstructure of DRMMCs such as Al2O3p/6061Al,
SiCp/2009Al, and SiCp/2124Al composites [10–12]. The particle
clusters, which were often observed in the composites, were bro-
ken up and the particle distribution became more homogeneous
in the nugget zone (NZ) due to the intense plastic deformation
and material mixing [10,11]. Furthermore, the stirring and break-
ing effect of the tool during FSW resulted in the breakup of the
reinforcing particles and knocking-off of sharp corners and edges
of the large particles, thereby changing the size and shape of the
particles in the NZ [12–14].
ll rights reserved.
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However, two important challenges must be faced when weld-
ing the DRMMCs. Firstly, the DRMMCs exhibit much lower ductil-
ity than monolithic alloys even at high temperatures. Thus, the
welding parameters are generally limited to high heat-input condi-
tions, and welding defects are easily formed at lower heat input.
Ceschini et al. [15] reported the formation of welding defects in
the NZ resulting from the high traverse speed of 300 mm/min in
Al2O3p/7075Al. Secondly, severe wear of the steel tool occurred
during FSW due to the presence of hard ceramic reinforcements
[16,17]. This not only reduced the lifetime of the tool, but also af-
fected the properties of the FSW joints adversely, due to the exis-
tence of the wear debris. Feng et al. [11] reported that the
intermetallics generated due to the wearing of the steel tool de-
creased the ultimate tensile strength (UTS) of FSW SiCp/2009Al
joints.

Recently, Marzoli et al. [10] reported that FSW Al2O3p/6061Al
joints were obtained by using an ultra-hard material tool. The
UTS of the joints was lower and was only 70% of that of the base
material (BM), with failure occurring in the heat affected zone
(HAZ), which was the lowest hardness zone. However, no detailed
microstructure of the joints responsible for the mechanical proper-
ties and fracture behavior of the joints were reported.

In this study, an ultra-hard material tool was used to join hot-
rolled SiCp/2009Al plate by FSW and subsequent heat treatment
of the FSW joint was conducted. The aim was to understand the
effect of the FSW condition and post-FSW heat treatment on the
microstructure and mechanical properties of the joints without
tool wear debris.
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mailto:blxiao@imr.ac.cn
http://dx.doi.org/10.1016/j.matdes.2012.11.052
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


244 D. Wang et al. / Materials and Design 47 (2013) 243–247
2. Experimental details

Six milimeter thick plates of 15 vol.% SiCp/2009Al composite
plates, produced by powder metallurgy and subsequent hot rolling,
were cut into 6 � 75 � 300 mm along the rolling direction. The
plates were friction stir butt welded along the rolling direction at
a welding speed of 100 mm/min and a tool rotation rate of
800 rpm. An ultra-hard material tool with a shoulder 20 mm in
diameter and a cylindrical pin 8 mm in diameter and 5.8 mm in
length was used. After welding, the joints were naturally aged for
seven days. To study the effect of post-weld heat treatment, some
of the FSW samples were T4-treated (solutionized at 516 �C for 1 h,
water quenched, and aged at room temperature for seven days).
The as-FSW joint and T4-treated joint were named as-FSW and
FSW-T4, respectively.

The joints were cross-sectioned perpendicular to the welding
direction for optical microscopic (OM) and scanning electron
microscopic (SEM) examinations. X-ray analysis (XRD) was con-
ducted on a D/max 2500PC diffractometer at 50 kV and 250 mA,
using Cu Ka radiation. The Vickers hardness profiles of the welds
were measured on the cross section along the mid-thickness of
the welded plates. Dog-bone-shaped tensile specimens with a
gauge length of 40 mm and a width of 10 mm were machined
perpendicular to the welding direction with the NZ being in the
center of the gauge. The tensile properties were tested at a strain
rate of 1 � 10�3 s�1 by using an SHIMADZU AG-100KNG testing
machine. The fracture surfaces of the tensile specimens were
observed under an SEM.
3. Results and discussion

Fig. 1 shows a macrograph of the FSW SiCp/2009Al composite
plate. No defects were detected in the joint, indicating that sound
joining was achieved using the hard tool. The surface of the joint
was smooth and characterized by semicircular patterns, similar
to those observed in FSW monolithic Al alloys [18].

Fig. 2a and b shows the OM microstructure of the SiCp/2009Al
composite perpendicular to the rolling direction and along the roll-
ing direction, respectively. The SiC particles were homogeneously
distributed on the cross section perpendicular to the rolling direc-
tion (Fig. 2a). However, some large SiC particles tended to be dis-
tributed along the rolling direction (Fig. 2b). The long axis of the
SiC particles was usually distributed along the rolling direction in
the composite plates, which results in the size diversity of the
SiC particles observed in different directions.

In the as-FSW sample (Fig. 2c), the SiC particles were
homogeneously distributed in the NZ. However, some large SiC
particles were present in the NZ which were not observed in the
BM perpendicular to the rolling direction (Fig. 2a). In the FSW
process, the SiC particles flowed and rotated with the matrix due
to the stirring by the welding tool [11,12]. Therefore, the SiC parti-
cles would be distributed randomly rather than directionally along
the rolling direction. Therefore, some large SiC particles could be
observed on the cross section of the NZ. For the FSW-T4 sample
Fig. 1. Macrograph of FSW SiCp/2009Al composite.
(Fig. 2d), the distribution of SiC particles in the NZ is similar to that
of the as-FSW sample. This indicates that the T4-heat treatment
did not change the distribution of SiC particles.

Fig. 3a shows the backscattered electron (BSE) image of the BM.
Many fine white particles were homogeneously distributed in the
matrix. These particles were too small to be analyzed by the EDS.
There were also some large white particles in the matrix. EDS
analyses indicated that the irregular particles (marked ‘‘A’’)
contained 79.12 Al, 10.58 Cu, 7.7 Si, 1.89 Mg, and 0.71 Fe (at.%)
and the circular particles (marked ‘‘B’’) contained 84.42 Al, 10.51
Cu, 2.91 Si, 2.17 Mg (at.%). The XRD results (Fig. 4) revealed the
existence of many Al2Cu phases in the BM. This indicates that both
the fine and circular shape particles in the BM, observed by SEM,
were Al2Cu phase. The phases containing Fe element were not
detected in the XRD pattern due to their limited quantity.

The Fe element would be introduced to the matrix during the
fabrication process of the composite and form Al7Cu2Fe intermetal-
lic compound. In the hot rolling and subsequent cooling process,
the Al2Cu phase nucleated and grew on the Al7Cu2Fe particles
[19]. Finally, irregular particles formed in the matrix. Furthermore,
some Al2Cu also nucleated in the matrix in the rolling process and
formed the coarse circular Al2Cu particles.

Fig. 3b shows the BSE image of the NZ in the as-FSW sample.
The number of both fine and coarse particles in the NZ decreased
compared to that in the BM. Moreover, the XRD result indicated
that the Al2Cu phase was also present in the NZ (Fig. 4). This means
that most of the white particles observed in the NZ of the as-FSW
sample were Al2Cu. However, the height of the Al2Cu peaks in the
NZ in the XRD profile is visibly lower than that in the BM, indicat-
ing that the amount of the Al2Cu phases in the as-FSW sample was
lower than that in the BM. This is consistent with the SEM
observations.

Jariyaboon et al. [20] measured the peak temperature distribu-
tion during FSW of 2024Al-T351 alloy. They found that the temper-
atures adjacent to the NZ were 480 �C. Mahoney et al. [21] reported
that the temperature adjacent to the NZ was 420–470 �C during
FSW of 7075Al-T651 alloy. For the SiCp/2009Al composite, the
peak temperature of the NZ during FSW was possibly similar to
the above temperature. It is believed that the intense plastic
deformation in the NZ during FSW would accelerate the dissolu-
tion of the Al2Cu particles. In addition, some large Al2Cu particles
would be broken up. However, the time of welding was short
and some Al2Cu would remain in the matrix. After welding, part
of the dissolved Al2Cu would re-precipitate in the NZ during the
cooling process. Thus, some Al2Cu particles were observed in the
NZ of the as-FSW sample, but they were reduced in number
compared to those in the BM.

In the FSW-T4 sample, the fine particles which were observed in
the as-FSW sample disappeared and the number of coarse particles
clearly decreased (Fig. 3c). The shape of the remaining particles
was basically circular and irregular particles were hardly found.
The EDS results suggested that most of the coarse particles con-
tained Fe element. The XRD result shows that few peaks of Al2Cu
were present in the FSW-T4 sample (Fig. 4), which means that
there were few Al2Cu particles in the matrix. After the solution
treatment, most of the Al2Cu phases were dissolved. Similar to
the BM [19], the GP zones were precipitated in the matrix during
the natural aging process. Therefore, it was not easy to detect the
Al2Cu phase by either SEM or XRD. The undissolved Al2Cu around
the Al7Cu2Fe formed the coarse circular particles in the matrix.

Fig. 5 shows the hardness profile of the as-FSW and FSW-T4
samples on the cross section along the mid-thickness of the joints.
For the as-FSW sample, the NZ exhibited hardness values of
�150 HV with a width of about 13 mm. Furthermore, the advanc-
ing side (AS) of the NZ had a higher hardness value than the
retreating side (RS). Beyond the NZ, the hardness decreased



Fig. 2. Optical micrographs showing SiC particle distribution in (a) BM perpendicular to the rolling direction, (b) BM along the rolling direction, (c) as-FSW, and (d) FSW-T4.

Fig. 3. Backscattered electron image of SiCp/2009Al composite: (a) BM, (b) as-FSW, and (c) FSW-T4.
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Fig. 4. XRD profiles of SiCp/2009Al composite: (a) BM, (b) as-FSW, and (c) FSW-T4.

Fig. 5. Hardness profiles of FSW SiCp/2009Al composite.

Table 1
Tensile properties of SiCp/2009Al composite.

YS (MPa) UTS (MPa) El. (%)

As-FSW 192 321 5.9
FSW-T4 344 521 7.1
BM-T4 357 543 13.1

246 D. Wang et al. / Materials and Design 47 (2013) 243–247
gradually as the distance from the NZ increased. The hardness
decreased to the level of the BM (�100 HV) in the regions about
13 mm from the NZ center. For the FSW-T4 sample, both the BM
Fig. 6. SEM fractographs of FSW join
and the various regions of the joint exhibited a similar hardness va-
lue of �170 HV.

In the FSW process, the NZ experienced intense plastic deforma-
tion and heating, resulting in the dissolution of most of the Al2Cu.
Fast cooling from the FSW temperature retained part of the solutes
in solution, although some re-precipitation would occur during the
cooling process of FSW. Then, the solutes precipitated as the GP
zones during the natural aging process, increasing the hardness
of the NZ significantly. In the HAZ, the dissolution of coarse Al2Cu
phases resulted in an increase in hardness compared to the BM.
Therefore, the NZ had the maximum hardness. In addition, the
AS of the NZ had a higher temperature than the RS due to severer
deformation in this zone [1]. More Al2Cu phases were dissolved in
the matrix and more GP zones precipitated in this zone. Therefore,
this zone had a higher hardness value compared to the other zones.
For the FSW-T4 sample, the Al2Cu phases were fundamentally dis-
solved during the solution treatment and then the GP zones precip-
itated during natural aging. This increased the hardness of the FSW
joint significantly, so that it was close to that of the BM with T4
temper.

The ultimate tensile strength (UTS) of the as-FSW sample was
321 MPa (Table 1), with the joint failing in the BM zone far away
from the NZ. The BM plate before welding was of hot rolled temper
and had a low strength due to the coarse Al2Cu phases as shown in
Fig. 3a. Therefore, the FSW joint failed in the BM. Feng et al. [11]
also reported that the FSW joint of as-extruded SiCp/2009Al com-
posite welded by a steel tool failed in the BM zone.

The strength of the FSW-T4 sample was 521 MPa, and was en-
hanced significantly compared to that of the as-FSW sample. The
sample failed in the NZ. Feng and Ma [7] reported that the Al7Cu2Fe
formed in the NZ would decrease the strength of the T4-treated
FSW SiCp/2009Al composite joints when steel tools were used.
However, in this study, the welding tool was hard enough and
almost no wearing occurred during FSW. Therefore, the FSW-T4
sample exhibited strength close to that of the T4-treated BM.

Fig. 6a shows an SEM micrograph of the tensile fracture surface
of the as-FSW sample which failed in the BM zone with a 45 �C
inclination to the tensile direction. The fracture surface was char-
acterized by large dimples. Few SiC particles were observed on
the fracture surface. The low strength of the matrix resulted in
cracking of the matrix and the formation of many dimples on the
fracture surface. With regard to the FSW-T4 sample (Fig. 6b), some
fractured SiC particles were present on the fracture surface. The
high strength of the matrix increased the possibility of SiC particle
fracturing.
ts: (a) as-FSW and (b) FSW-T4.
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4. Conclusions

In this study, the friction stir welding of 6 mm hot rolled
15 vol.% SiCp/2009Al composite was carried out using an ultra-
hard material tool. The microstructure and mechanical properties
of the joints were investigated. Some conclusions were achieved
as follows.

(1) A defect-free FSW joint of 6 mm hot rolled 15 vol.% SiCp/
2009Al composite was successfully obtained using an
ultra-hard material tool.

(2) SiC particles were distributed more homogeneously in the
NZ compared to those in the BM. Most Al2Cu particles were
dissolved and the remaining Al2Cu particles became coarse
in the NZ.

(3) The strength of the as-FSW joint was only 321 MPa and the
joint failed in the BM zone due to the low strength of hot
rolled temper. After T4-treatment, the strength of the joint
increased up to 521 MPa, close to that of the BM with T4
temper.
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