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a b s t r a c t

3 mm thick rolled 17 vol%SiCp/AA2009 composite sheet in T351 condition (with 15% deformation) was
subjected to friction stir welding (FSW). Tensile properties and work hardening behaviour of FSW joints
were studied at strain rates from 1�10�2 to 1�10�5 s�1. The FSW joints tended to fracture in the heat-
affected zone, which exhibited the lowest hardness. Joint efficiencies of about 77% were achieved at
various strain rates. As the strain rates increased, the yield strength, ultimate tensile strength and
elongation decreased slightly, but the effect of strain rate on the elongation became weaker after FSW.
The dependence of the strain-hardening exponents on the strain rate was weak in both the base metal
(BM) and the FSW joint. Compared to the BM, the FSW joint exhibited higher strain-hardening rates and
strain-hardening exponents, as well as a stronger hardening capacity; about three times that of the BM.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Due to their superior mechanical and physical properties, metal
matrix composites (MMCs) are used in many fields, such as the
aerospace and automobile industries [1–3]. Particulate-reinforced
aluminium matrix composites (AMCs), especially those reinforced
by SiC particles (SiCp), have developed remarkably during the last
30 years due to their excellent properties and relatively low cost.
However, the structural application of AMCs involves welding and
joining processes and the joining of AMCs by conventional fusion
welding techniques is extremely difficult due to the presence of
ceramic particles. For fusion welded AMCs, problems such as the
presence of porosity, the incomplete mixing of the parent and
filler materials and the formation of excess eutectic and deleter-
ious phases could easily occur in the welds [4,5]. Therefore, the
development of effective techniques for welding AMCs is required.

Friction stir welding (FSW) is a relatively new solid state joining
technique, which was developed by TheWelding Institute, UK, in 1991
[6,7]. This technique is termed “green” technology due to its energy
efficiency and environmental friendliness. FSW has been successfully
used to join aluminium alloys, especially the precipitation-hardened
(2xxx, 6xxx, and 7xxx) ones [8–11]. Nowadays, it is also used to weld
other alloys with high-melting points and high hardness, such as Cu, Ti

and steel [6]. Additionally, FSW is a promising method for the welding
of AMCs, which may avoid the drawbacks of fusion weldings.

Because of the existence of hard and abrasive ceramic particles,
it is a great challenge to join AMCs by FSW due to the rapid and
severe wear of the normal steel tool [12]. The tool wear could lead
to the formation of root flaw defects and deleterious intermetallics
which decreased the mechanical properties of the joints [13]. The
use of harder tool materials or surface coating in FSW of AMCs
could effectively decrease the wear of tool, prolonging the tool life
greatly [14,15]. Therefore, increasing attention has been paid to the
FSW of AMCs.

FSW has been shown to produce a more homogeneous distribu-
tion of the particles, their breakup and bluntness due to severe
plastic deformation and material mixing induced by rotating pin.
Furthermore, the grain sizes of the matrices were greatly refined
due to dynamic recrystallisation. It was reported that AMC joints
with good tensile properties could be generated by FSW [16–31], as
summarised in Table 1. In some cases, the nugget zone (NZ) of FSW
AMC joints even exhibited better tensile strength than the base
metal (BM) due to the modified microstructure [21,32–34].

Although several studies on the FSW of AMCs have been
reported in the past few years, information on the effect of strain
rate on the tensile properties of FSW joints is lacking. Strain-
hardening behaviour is one of the important considerations in the
evaluation of plastic deformation of materials and it should be
evaluated to ensure the integrity and safety of joints and structures.
However, studies on the strain-hardening behaviour of FSW joints
are limited and focus mainly on magnesium alloys [35–37].
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In our previous investigation, the microstructure evolution of a
FSW SiCp/AA2009-T351 composite sheet was carefully studied
[38], and the FSW joint exhibited good fatigue properties [39]. In
this work, the tensile properties of the FSW joints were deter-
mined at various strain rates with the aim to evaluate the effect of
strain rate on the tensile properties and the strain-hardening
behaviour of FSW joints.

2. Material and methods

3 mm thick 17 vol% SiCp (average particle size of 7 μm) rein-
forced AA2009 matrix composite, produced by powder metallurgy
technique, was used for FSW. The nominal chemical composition
of the AA2009 alloy was 4.26Cu–1.61 Mg–0.01Si–0.009Fe (wt%).
The hot pressed ingot was extruded and subsequently rolled into a
sheet 3 mm thick. The rolled sheet was T351-treated before FSW
(solutionised at 502 1C for 1 h, water quenched, cold rolled with
15% deformation and then aged at room temperature for more
than one month).

The composite pieces were subjected to FSW perpendicular to
the rolling direction at a tool rotational rate of 1000 rpm and a

welding speed of 50 mm min�1. A cermet tool with a concave
shoulder 14 mm in diameter and a cylindrical pin 5 mm in
diameter and 2.7 mm in length was used, where the pin had a
triangular tip without threads.

Following FSW, the welded sheet was maintained at room
temperature for one month to age naturally. The specimens for
microstructural examination were cross-sectioned perpendicular
to the direction of FSW. The microstructures were examined by
optical microscopy (OM) without etching and by transmission
electron microscopy (TEM, FEI TECNAIG20). Thin foils for TEM
were cut from the BM, NZ and heat-affected zone (HAZ).

The hardness profiles were measured along the mid-thickness
of the sheet at an interval of 0.5 mm on the cross section of the
weld, by using a computerised Buehler hardness tester (Buehler,
Lake Bluff, IL) under a load of 1000 g for 15 s. Tensile specimens
with a parallel section of 32�5.6�3 mm3 were machined per-
pendicular to the direction of FSW. The specimens were electrical
discharge machined and ground with SiC papers up to grit #600 to
achieve a smooth surface. Tensile tests were conducted at constant
strain rates of 1�10�2, 1�10�3, 1�10�4 and 1�10�5 s�1 at
room temperature. At least two specimens were tested at each
strain rate. After the tensile tests, the fracture surfaces were

Table 1
Tensile properties of friction stir welded aluminium matrix composites.

Materials T, (mm) D/d (mm) r/v (rpm/mmmin�1) Condition YS (MPa) UTS (MPa) El (%) Eff. (%) Ref.

10 vol% Al2O3p/AA7005 7.0 18/8 600/300 BM: extruded þT6 326 370 4.2 80 [16]
joint: FSW 263 299 1.2

10 vol% Al2O3p/AA7075 7.0 – 800/56 BM:T6 290 310 1.5 84 [17]
joint: FSW 245 260 0.58

20 vol% Al2O3p/AA6061 7.0 – 800/56 BM: T6 330 379 2.1 87
joint: FSW 280 329 1.3

20 vol% Al2O3p/AA6061 7.0 20/8 – BM: extruded þT6 277 355 – 71 [18]
joint: FSW 234 251 –

20 vol% Al2O3p/AA6061 7.0 20/8 – BM: extruded þT6 340 364 1.7 72 [19]
joint: FSW 193 262 2.8

22 vol% Al2O3p/AA6061 4.0 15/4 (630,880)/(115–260) BM: cast – 230 – 94 [20]
joint: FSW – 217 –

15 vol% SiCp/AA2009 8.0 24/8 600/50 BM: extruded 164 305 6.5 100 [21],[22]
Joint: FSW 236 328 2.0
BM: extrudedþT4 340 470 4.0 95
Joint: FSWþT4 324 445 3.0

6 vol% B4C/AA6063 4.5 13/4 1500/600 BM: extruded þT5 241 276 10.1 – [23]
Joint 1: FSW 125 172 2.5 62
Joint 2: FSWþaged – 223 0.5 81
Joint 3: FSWþT6 184 200 1.1 73

10.5 vol% B4C/AA6063 4.5 13/4 1500/600 BM: extruded þT5 253 286 4.2 –

Joint 1: FSW 125 176 2.5 62
Joint 2: FSWþaged 219 238 1.3 84
Joint 3: FSWþT6 136 172 2.4 60

10 vol% TiB2/Al 6.0 16/5 2000/30 BM: cast – – – 79–99 [24]
joint: FSW – 223–282 3.4–6.7

15 vol% Mg2Si/Al 6.0 18/6 1120/125 BM: cast – 115 – 100 [25]
joint: FSW – 115 –

3–7 wt% TiCp/AA6061 6.0 BM: cast – – – 90–98 [26]
Joint: FSW

10 wt% 6.0 18/6 1150/50 BM: cast – 253 4.0 95 [27]
ZrB2/AA6061 Joint: FSW – 240 1.0
20 wt% 6.0 18/6 1200/55 BM: cast 241 93 [28]
AlNp/AA6061 Joint: FSW 225
10 vol% 6.0 18/6 1100/45 BM: cast 200 278 8.0 74 [29]
SiCp/AA6061 Joint: FSW 126 206 6.8
25 vol% 15 20/8 550/75 BM: PMþT6 657 742 5.3 – [30]

Joint 1: FSW 407 552 2.6 74.4
SiCp/AA2124 Joint 2: FSWþT6 479 642 2.9 86.5
15 vol% SiCp/AA2009 6.0 20/8 800/100 BM: hot rolling – – – – [31]

Joint 1: FSW 192 321 5.9 100
Joint 2: FSWþT4 344 521 7.1 –

BMþT4 357 543 13.1 –

17 vol% SiCp/AA2009 3.0 14/5 1000/50 BM: rolledþT351 508 581 4.3 77 Present
joint: FSW 278 443 4.7

T: thickness of plate; D/d: shoulder diameter/Pin diameter; r/v: rotation rate/welding speed; Joint eff.: UTSjoint/UTSBM.
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examined using SEM (JEOL JSM-6380LV) coupled with an energy-
dispersive X-ray spectroscopy (EDS) system.

3. Results

3.1. Microstructure

A typical cross-sectional view of the FSW SiCp/AA2009 joint is
shown in Fig. 1. The joint consisted of four zones: the NZ, the
thermomechanically-affected zone (TMAZ), the HAZ and the BM.
No defects were observed in the weld. This indicates that a sound
join was achieved. The NZ exhibited a basin shape without onion
rings, which are features typically observed in the cross-sections of
the NZ in FSW aluminium alloys.

The OM microstructures of the FSW joint are shown in Fig. 2. In
the BM, SiCp were homogeneously distributed in the matrix and
showed a polygonal morphology (Fig. 2a and c). After FSW, the
distribution of SiCp was basically unchanged in the NZ. However,
the edges and corners of some SiCp became blunted (Fig. 2b
and d).

The TEM microstructures of the BM, NZ and HAZ are shown in
Fig. 3. In the BM, a high density of dislocations was observed but
no precipitates were detected (Fig. 3a). However, a lower density
of dislocations and a few coarse precipitates were seen in the NZ
(Fig. 3b). Unlike in the BM and the NZ, few dislocations but many
coarse precipitates were observed in the HAZ (Fig. 3c). These

precipitates could be divided into two kinds according to their
morphologies and sizes: fine needle-shaped precipitates and
coarse granular precipitates. According to other studies
[21,40,41], the fine needle-shaped precipitates should be S phase
(Al2CuMg), whereas the coarse granular precipitates should be θ
(Al2Cu).

3.2. Microhardness

The hardness profile on the cross section along the mid-
thickness of the FSW SiCp/AA2009 composite is shown in Fig. 4.
The hardness of the BM and the NZ was about 200 HV and 160 HV,
respectively. The lowest hardness, about 130–135 HV, was
observed in the HAZ on both the retreating side (RS) and the
advancing side (AS); the RS showed a slightly lower hardness than
the AS. It has been documented that the hardness profile of FSW
heat-treatable aluminium alloys depends greatly on the precipi-
tate distribution [42]. As presented above, a few coarse θ phases
were observed in the NZ. Therefore, this region showed a lower
hardness than the BM. However, many coarse S and θ phases
appeared in the HAZ, resulting in the lowest hardness of the joint.

3.3. Tensile properties

On a macroscopic scale, both the SiCp/AA2009 BM and the FSW
joint exhibited limited ductility of 3–5%. For the BM, the fracture
surfaces were normal to the tensile stress axis (not shown). In the
case of the FSW joint, the fracture of all samples occurred in the
HAZ with most of the failures being located on the RS (Fig. 5).
Fig. 6 shows typical true stress versus true strain curves of the BM
and the FSW joints tested at various strain rates. Compared with
the BM, the FSW joint showed apparently lower yield strengthFig. 1. Cross-sectional view of FSW SiCp/AA2009 joint.

Fig. 2. Optical microstructures of FSW SiCp/AA2009 joint: (a) BM and (b) NZ, showing distribution of SiCp at lower magnification; (c) BM and (d) NZ, showing morphology of
SiCp at higher magnification.
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(YS) and ultimate tensile strength (UTS) but better ductility. Fig. 7
shows that for both the BM and the FSW joint, while the UTS
slightly decreased as the strain rate increased, the YS appeared to
be independent of the strain rate and the effect of strain rate on

the ductility became weaker after FSW. An average joint efficiency
of about 77% was obtained at the various strain rates.

3.4. Fractograph

Fig. 8 shows typical fractographs of the BM tested at strain rates
of 1�10�2 s�1 and 1�10�5 s�1. The overall view shows that the
fracture surfaces were rough and wavelike and the initiation of
cracks was located at the sample surfaces (Fig. 8a and d). At a
higher magnification, the initiation zone was characterised by pits
and fractured SiCp (Fig. 8b and e), showing a typical fracture
surface of the AMCs. Large and shallow Al dimples together with
some microcracks were observed on the fracture surfaces and
some cracked SiCp were observed at the bottom of the dimples
(Fig. 8c and f). Generally, little difference was observed in the
features of the fracture surfaces between the two strain rates.

Fig. 9 shows typical fractographs of the FSW SiCp/AA2009 joint
tested at strain rates of 1�10�2 s�1 and 1�10�5 s�1. The FSW
joint showed quite different fracture surfaces compared with
those of the BM, shown in Fig. 8. These fracture surfaces were
smoother without evident initiations (Fig. 9a and d). At a higher
magnification, many fine Al dimples and broken SiCp were
observed and the fracture surface exhibited morphology typical
of ductile fracture (Fig. 9b and e). Furthermore, the dimples were
smaller but their quantity was greater compared with those of the
BM. Pull-out marks of SiCp were also observed but fewer cracks
were visible (Fig. 9c and f). The effect of strain rate on the fracture
characteristics of the FSW joint was also weak and the fracture
surfaces showed similar morphologies at both low and high
strain rates.

4. Discussion

4.1. Microstructure

It seemed that the distribution of SiCp was not visibly improved
and this could be ascribed to the fact that the SiCp have already
been homogeneously distributed in the BM (Fig. 2). Due to the
intense deformation and mixing during FSW, some large SiCp in
the NZ were broken; meanwhile, the rotating pin also knocked off
the corners and sharp edges from the large SiCp and thus, blunted
the sharp SiCp (Fig. 2). It was reported that the dynamically

Fig. 3. TEM microstructures of FSW SiCp/AA2009 joint: (a) BM, (b) NZ, and (c) HAZ.

Fig. 4. Typical microhardness profile of FSW SiCp/AA2009 joint.

Fig. 5. Optical micrographs showing the upper surface of FSW SiCp/AA2009 joints
tested at various strain rates, arrows showing failure locations.
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recrystallised Al grains nucleated on the surface of fractured SiCp
during FSW, and these clean interfaces were beneficial to the load
transfer between SiCp and Al matrix [43].

The fabrication and microstructure of SiCp/Al–Cu–Mg compo-
sites were reported in detail in previous references [44–47]. The
precipitation sequences of the Al–Cu–Mg alloys are extremely
complex and can be divided into two kinds depending on the Cu/
Mg ratio [42,48,49]. For the naturally aged (T4) Al–Cu–Mg alloys,
the dominant strengthening phases are GPB zones, which are
considered to be a short-range ordering of Cu and Mg solute atoms
and have cylindrical shapes with sizes of about several nano-
metres and are difficult to detect even by TEM [47]. Meanwhile, it
is well established that the S phase (Al2CuMg) and θ phase (Al2Cu)
are two types of stable precipitates in the over-aged Al–Cu–Mg
alloys. The TEM results showed no visible precipitates in the BM
but a few coarse θ existed in the NZ and many coarse needle-
shaped S and coarse granular θ existed in the HAZ (Fig. 3).

FSW can be considered a complicated hot-working process
[21]. This process initially dissolves the precipitates into the Al
matrix in the NZ. During the cooling from the FSW temperature,
part of the dissolved precipitates re-precipitate out in the NZ to
form the θ phase, due to the slow cooling rate. Many S and θ
phases were observed in the HAZ and this was due to the
coarsening of the precipitates during the FSW thermal cycle.

Due to the large coefficient of thermal expansion (CTE) mis-
match strain between the Al matrix and SiCp [50], the water

quenching process induces a high dislocation density in the BM
(Fig. 3a). The lower dislocation density in the NZ results from the
dynamic recrystallisation process and the slow cooling rate in the
air. The dislocations are greatly reduced in the HAZ and this is
attributed to the dislocation release resulting from the FSW
thermal cycle.

4.2. Tensile properties

For the FSW joint, fracture occurred in the HAZ with most of
the failure locations on the RS (Fig. 5). This is in agreement with
the hardness profiles of the joint (Fig. 4). The fracture surfaces of
the BM showed little difference at various strain rates, as did the
FSW joint and this may be attributed to their low ductility.

The tensile testing results showed the FSW joint exhibited
apparently lower YS and UTS than the BM but it showed better
ductility. Table 1 shows that the joint efficiency of FSW AMC joints
was greatly influenced by the initial condition of the BM and the
final condition of the FSW joints. Furthermore, a proper heat-
treatment process may greatly improve the strength of the FSW
joints. For the relatively soft composites in the as-cast state, the
FSW joint efficiency could reach nearly 100% [24–26]. However, for
the heat-treated extruded composites, which exhibit relatively
higher strength, the strength of FSW joints is apparently lower
than that of the BM.

Fig. 6. Typical true stress–true strain curves of SiCp/AA2009 BM and FSW joints at various strain rates.

Fig. 7. Effect of strain rate on (a) strength and (b) ductility of SiCp/AA2009 BM and FSW joints.

D.R. Ni et al. / Materials Science & Engineering A 608 (2014) 1–10 5



Ceschini et al. [16,19] reported that the efficiency of the FSW
joints was about 80% and 72% for the extruded 10 vol% Al2O3p/
AA7005-T6 and 20 vol% Al2O3p/AA6061-T6 composites, with the
UTS decreased from 370 to 299 MPa and from 364 to 262 MPa,
respectively. The result of the latter material was similar to that
reported by Marzoli et al. [18]. Cavaliere et al. [17] reported that
the efficiency of the FSW joints was about 84% and 87% for the
extruded 10 vol% Al2O3p/AA7075-T6 and 20 vol% Al2O3p/AA6061-
T6 composites, with the UTS decreased from 310 to 260 MPa and
from 379 to 329 MPa, respectively. Chen et al. [23] reported that
the efficiency of the FSW joints was about 62% for the extruded
6 vol% and 10.5 vol% B4C/AA6063-T5 composites, with the UTS
decreased from 276 to 172 MPa and from 286 to 176 MPa,
respectively, but the joint efficiency could increase to over 80%
after an artificial aging process. Table 1 also shows that the FSW
joints of the heat-treated extruded composites generally exhibited
low ductility with most of the elongations below 2.8%.

In the present study, the FSW joint of the as-rolled SiCp/
AA2009 showed superior strength and ductility compared with
previous results. The lower strength of the FSW joint than that of
the BM is attributed to the softening of the HAZ. Both the BM and
the FSW joint showed decreased strength and ductility with

increasing strain rate. However, the effect of strain rate on the
ductility became smaller after FSW.

4.3. Strain-hardening behaviour

The hardening capacity (Hc) of a material may be considered as
a ratio of the ultimate tensile strength (sUTS) to the yield strength
(sy) [51]. Afrin et al. [35] re-defined a normalised parameter of
hardening capacity as

Hc¼ ðsUTS�syÞ=sy ¼ sUTS=sy�1 ð1Þ

The hardening capacity of the BM and the FSW joint at various
strain rates is shown in Table 2. Two important findings can be
observed from Table 2. First, the hardening capacity of both the
BM and the FSW joint varied slightly with increasing strain rate.
Second, the FSW joint showed an obviously higher hardening
capacity of about three times that of the BM.

Several equations have been proposed to evaluate the strain-
hardening exponent of a material [35,36,52,53], as follows:

s¼ Kεn ð2Þ

Fig. 8. SEM fractographs of BM at strain rates of (a–c) 1�10�2 s�1 and (d–f) 1�10�5 s�1: (a) and (d) overall view at lower magnification; (b) and (e) initiation site at higher
magnification; (c) and (f) details of initiation site.
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s¼ syþK1ε
n1 ð3Þ

s¼ syþKnðε�εyÞnn ð4Þ

In Eq. (2) [52], s, ε, K and n are the true stress, true strain, strength
coefficient and strain- (or work-) hardening exponent, respec-
tively. In Eq. (3) [53], n1 is the strain-hardening exponent and sy is
the yield strength; K1 is the strength coefficient which represents
the increment in strength due to the strain hardening at ε¼1. In
Eq. (4) [35], nn, s, ε and εy are the strain-hardening exponent, true

stress, true strain and yield strain of a material, respectively; Kn is
the strength coefficient which reflects the increment in strength
due to strain hardening corresponding to (ε�εy)¼1.

Fig. 10 shows the evaluated strain-hardening exponents (n, n1,
nn) as a function of strain rate for the BM and the FSW joint. The
effect of strain rate on the strain-hardening exponents is weak in
both the BM and the FSW joint. The n-value is about 0.09 and 0.21
for the BM and the FSW joint, respectively, and the FSW joint
exhibits a much higher n-value than the BM (Fig. 10a). The n1-
value is about 1.0 for both the BM and the FSW joint and it
increases slightly with increasing strain rates (Fig. 10b). The nn-
value is about 0.54 and 0.63 for the BM and the FSW joint,
respectively, and the FSW joint exhibits a slight higher nn-value
than the BM (Fig. 10c). This is related to the greatly lower YS of the
FSW joint. It is also seen that the n values are the smallest and n1
values are the highest with nn lying in between the two. Similar
results were also reported in magnesium alloys [35,36].

Fig. 11 shows a typical Kocks–Mecking plot of strain-hardening
rate (θ¼ds/dε) versus net flow stress (s�sy) at the various strain
rates for the BM and the FSW joint. No stage I hardening
(depending on the crystal orientation) or stage II hardening
(strain-hardening rate being constant) are observed in either the
BM or the FSW joint and stage III hardening (strain-hardening rate
decreasing linearly with increasing net flow stress) appears

Fig. 9. SEM fractographs of FSW SiCp/AA2009 joints at strain rates of (a–c) 1�10�2 s�1 and (d–f) 1�10�5 s�1: (a) and (d) overall view at lower magnification; (b) and
(e) initiation site at higher magnification; (c) and (f) details of initiation site.

Table 2
Hardening capacity of BM and FSW joint tested at various strain rates.

Sample Strain rate (s�1) Hardening capacity

BM 1�10�2 0.14
1�10�3 0.14
1�10�4 0.18
1�10�5 0.16

FSW joint 1�10�2 0.58
1�10�3 0.60
1�10�4 0.62
1�10�5 0.61
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immediately after yielding. As can be seen, stage III is weakly
strain-rate sensitive in both the BM and the FSW joint. However,
the FSW joint shows a much higher strain-hardening rate and a
higher hardening capacity than the BM. When the true stress
exceeds a certain value, stage IV occurs. It is seen that stage IV in
the FSW joint both appears and ends later compared with that in
the BM. This is different from that of FSWMg alloys, in which stage
IV appeared to be similar in both BM and FSW joints [36,37].

The strain-hardening behaviour of metals is affected mainly by
grain size and dislocation density [36,37]. For FSW joints, the grain
refinement in the NZ is beneficial to the strain hardening. Meanwhile,
as discussed above, the NZ shows a lower dislocation density than the
BM due to the dynamic recrystallisation and the slow cooling rate.
Therefore, this kind of microstructure would store more new disloca-
tions that were generated during plastic deformation. Moreover,
during the tension, most of the deformations happened in the HAZ,

Fig. 10. Effect of strain rate on strain-hardening exponent of SiCp/AA2009 BM and FSW joints: (a) n-value, (b) n1-value, and (c) n*-value.

Fig. 11. Strain-hardening rate (θ) versus net flow stress (s�sy) of SiCp/AA2009 BM and FSW joints at various strain rates.
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which showed the lowest dislocation density and this could be
particularly responsible for the better strain-hardening behaviour of
the FSW joint.

Afrin et al. [35] reported that the strain-hardening exponent of
an FSWAZ31B alloy was nearly three times higher than that of the
BM and the hardening capacity was about twice that of the BM.
Chowdhury et al. [36,37] studied the strain-hardening behaviour
of a double-sided arc welded and FSW AZ31B alloy. They reported
that the strain-hardening exponents were nearly twice that of the
BM and the double-sided arc welded samples exhibited stronger
strain-hardening capacity than the FSW samples and the BM. As
discussed above, the FSW increased the strain-hardening expo-
nent and strain-hardening capacity of the AMC and this result is
similar to that of FSW magnesium alloys [35–37].

4.4. Fractograph

For the BM, the initiation of cracks was located at the sample
surfaces (Fig. 8a and d). The fractured SiCp indicated the excellent
interfacial bonding between SiCp and matrix (Fig. 8b and e). The Al
dimples, microcracks and cracked SiCp indicated that the BM
failed mainly in the form of both ductile failure of the matrix
and fracture of SiCp (Fig. 8c and f). This is why the present 17 vol%
SiCp/AA2009 composite exhibited a YS as high as 500 MPa and a
UTS reaching 580 MPa (Table 1). The FSW joint showed quite
different fracture surfaces compared with the BM. The features of
the fracture surface suggest that the fracture process of the FSW
joint was controlled not only by the ductile failure of the matrix in
conjunction with the fracture of SiCp but also by the SiCp pull-out,
where the HAZ exhibited better ductility than the BM (Fig. 9b and
e). The pull-out of SiCp revealed the occurrence of particle-matrix
debonding (Fig. 9c and f). The results of EDS analysis (Table 3)
show that points A and B in Fig. 9f contained more Al and less Si,
so that they should be the pulled-out SiCp. Point C contained more
Si and C and it should be a broken SiC particle. The SiCp pull-out
was due to the softening of the HAZ where the Al matrix had less
constraint to the SiCp.

Srivatsan et al. [50] studied the fracture behaviour of a SiCp/
AA2009 composite. They reported that the fracture surface was
characterised by cracking of individual and clustered SiCp and
considered that the fracture of the Al matrix between the clusters
of SiCp, coupled with SiCp failure by cracking and decohesion at
the Al–SiCp interfaces, resulted in the low tensile ductility and the
failure of the composite. Basically, the fracture surfaces of the BM
in the present study (Fig. 8) showed similar features to those
reported by Srivatsan et al. [50].

5. Conclusions

In summary, the following conclusions are reached:

1. A sound FSW weld of SiCp/AA2009-T351 (with 15% deforma-
tion) was achieved. The HAZ was characterised by a great
number of coarsened precipitates and greatly decreased dis-
location density, showing the lowest hardness.

2. At various strain rates, the tensile fracture of the FSW joints
occurred in the HAZ with most of them on the RS. The FSW
joint showed lower YS and UTS but higher ductility than the
BM, with a joint efficiency of �77%. The YS, UTS and elongation
decreased slightly as the strain rate increased but the effect of
strain rate on the elongation became weaker after FSW.

3. The effect of strain rate on the strain-hardening exponent was
weak in both the BM and FSW joint. The three kinds of strain-
hardening exponents n-value, n1-value and nn-value were
about 0.09, 1.0 and 0.54 for the BM, respectively and 0.21, 1.0,
and 0.63 for the FSW joint, respectively. Compared with the
BM, the FSW joint showed much higher strain-hardening rate
and three times the hardening capacity due to the higher
dislocation storage capacity.

4. The fracture surfaces showed similar morphologies at both low
and high strain rates for the BM, as did the FSW joint. The
fracture of the FSW joint was governed not only by the ductile
failure of the matrix, together with SiCp fracture but also by
SiCp pull-out.
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