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In  situ  Al3Ti/Al–5.5Cu  composites  fabricated  by powder  metallurgy  and  subsequent  forging  were  sub-
jected  to  multiple  pass  friction  stir  processing  (FSP)  with  and  without  active  cooling.  The  forged  sample
exhibited  lower  strength  and  ductility  due  to  the  presence  of  coarse  Al3Ti clusters  with  a  size  range  of
50–100  �m and  coarse  matrix  grains.  Four-pass  FSP  in  air resulted  in  the  refinement  and  redistribution
of  the  Al3Ti  clusters,  and  the  generation  of micron  matrix  grains,  thereby  increasing  the  strength  and
ductility  of  the  composites.  Furthermore,  coarse  Al2Cu  particles  dissolved  and  re-precipitated  due to  a
relatively  long  duration  of  thermal  exposure.  Additional  two  pass  FSP  with  rapid  water  cooling  (FSP-
owder metallurgy
echanical properties
icrostructure

water)  dissolved  most  of  the  Al2Cu  into  the matrix  and  retained  the  solutes  in  solution  due  to  the  short
duration  of  thermal  exposure.  Meanwhile,  ultrafine  matrix  grains  with  a high  density  of  dislocations  were
obtained. These  microstructural  changes  led  to  significant  increase  in strength  and  a  decrease  in  ductility
in  the  FSP-water  sample.  After  aging,  the  FSP-water  sample  exhibited  further  increased  yield  strength
and  ultimate  tensile  strength  due  to the  precipitation  of  metastable  Al2Cu  phases.  However,  the  ductility

he  de
did not  decrease  due  to  t

. Introduction

Particle reinforced aluminum matrix composites (PRAMCs) are
 class of advanced materials providing ideal properties such as
igh specific strength, high specific modulus and good wear resis-
ance. They have successfully found applications in aerospace and
utomobile industries [1–3]. Generally, various ceramic particles
uch as SiC and Al2O3 are used as reinforcements due to relatively
ow density and high elastic modulus [2–5]. However, high ther-

al  mismatch stress due to the large difference of coefficient of
hermal expansions (CTE) between the ceramic particles and the
l matrix resulted in poor thermal fatigue resistance when subject

o thermal cycles [6].  Al3Ti particles would be an alternative due
o the closer CTE to the Al matrix [7].  Furthermore, Al3Ti has high
pecific strength, high specific modulus and excellent mechanical
roperties at both ambient and elevated temperatures [8].

In previous studies, Al3Ti/Al composites have been fabricated
ia stir-casting and powder metallurgy (PM) [9–11]. However, the

l3Ti particles in the composites were usually greater than 20 �m
ue to the high process temperature or the coarse raw material
owders [9–11]. The coarse Al3Ti blocks tend to crack under low

∗ Corresponding author. Tel.: +86 24 83978908; fax: +86 24 83978908.
E-mail address: zyma@imr.ac.cn (Z.Y. Ma).

254-0584/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2012.02.068
crease  of dislocation  density  after  aging.
© 2012 Elsevier B.V. All rights reserved.

stress during tensile testing, resulting in low strength and ductil-
ity. Chianeh et al. [9] suggested that decreasing the size of initial Ti
powders would shorten the time of complete phase transformation
from Ti to Al3Ti and decrease the size of Al3Ti, thereby improv-
ing the strength of the Al3Ti/Al composites. However, it is costly
to use the fine Ti powder (<5 �m)  as a raw material. Therefore, it
is highly desirable to develop a method of forming the fine Al3Ti
particles in situ in the Al matrix, or breaking up and distributing
homogeneously the Al3Ti particles.

Friction stir processing (FSP) has developed from a technique
called friction stir welding (FSW). It is a new solid state process-
ing technique for microstructural modification [12]. A number of
investigations indicate that FSP is an effective technique to refine
and redistribute the second phase particles in cast alloys and metal
matrix composites, and to fabricate the Al matrix composites rein-
forced by in situ Al2Cu, Al3Ti, and Al3Fe [13–17].  Furthermore, for
precipitation-hardened alloys, FSP causes most of the precipitates
to dissolve into the matrix, with re-precipitation occurring during
FSP cooling or subsequent aging [18,19].  Additionally, FSP produces
fine, equiaxed, recrystallized grains in the stir zone (SZ), with ultra-
fine grains being obtained in 7075Al and pure Cu plates via FSP with

active rapid cooling [20,21].

In a previous study [22], in situ Al3Ti particles reinforced pure
Al composites were fabricated using an Al–Ti system by means of
reactive hot pressing and subsequent FSP. It was indicated that FSP

dx.doi.org/10.1016/j.matchemphys.2012.02.068
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:zyma@imr.ac.cn
dx.doi.org/10.1016/j.matchemphys.2012.02.068
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Fig. 1. Processing route of the composites.

ould break-up and homogenize the Al3Ti particles and enhance
he reaction between Ti and Al, thereby increasing the mechanical
roperties of the composites significantly. In order to increase the
trength of the composites further, an Al–Ti–Cu system was  used in
his study to fabricate the in situ Al3Ti/Al–Cu composites by reactive
ot pressing and subsequent FSP. Furthermore, active cooling in
owing water was employed for some FSP runs to refine the matrix
rain size and prohibit the precipitation of the precipitates during
SP cooling. The aim of the present study is to (a) investigate the
ffect of Cu addition on the Al–Ti reaction, (b) understand the effect
f cooling condition on the grain refinement and the dissolution
nd precipitation of the precipitates during FSP, and (c) develop
n effective approach to enhance the mechanical properties of the
n situ composites.

. Experimental procedure

The starting materials used in this study were Al powder (99.9%
urity, 13 �m),  Ti powder (99% purity, 45 �m)  and Cu powders (99%
urity, 75 �m).  Assuming all the Ti reacted with Al to form Al3Ti,
he volume fraction of Al3Ti would be 23%, and the nominal compo-
ition of the matrix would be Al–5.5Cu (wt%). The processing route
f the composites in this study is shown in Fig. 1.

The Al, Ti and Cu powders were mixed in a bi-axis rotary mixer
or 12 h, and then the mixed powders were hot pressed after being
eld at 600 ◦C for 120 min. The hot pressed billets were forged

nto pancakes at 480 ◦C with a reduction of 80% in height. The
orged plates were subjected to 4-pass FSP with 100% overlap-
ing in air at a rotation rate of 1000 rpm and a traverse speed of
5 mm min−1 (defined as FSP-air). Some FSP-air samples were sub-

ected to additional 2-pass FSP, with 100% overlap in flowing water
t a rotation rate of 1000 rpm and a traverse speed of 200 mm min−1

defined as FSP-water). The samples were first fixed in room tem-
erature water and additional rapid cooling using flowing water
as used during FSP. The thickness of the water layer in the flume
as approximately 50 mm.  A steel tool with a concave shoulder

0 mm in diameter and a threaded conical pin 8 mm in root diam-
ter, 5.5 mm  in tip diameter and 4 mm in length was used for FSP
oth in air and water. The thermocouples were embedded at the
ottom of the SZ to acquire the temperature profiles of the FSP runs.
ome FSP-water samples were aged at 175 ◦C for 4 h.
The samples for microstructural investigations were cut in
 direction transverse to the FSP. The microstructures were
xamined by optical microscopy (OM, Axiovert 200 MAT), scan-
ing electron microscopy (SEM, Quanta 600), complemented by
Fig. 2. XRD pattern of forged in situ Al3Ti/Al–5.5Cu composite.

energy-dispersive spectroscopy (EDS), transmission electron
microscopy (TEM, TECNAI20), and differential scanning calorime-
try (DSC, TA-Q1000). Thin foils for TEM were prepared by the
ion-milling technique. The heating rate of DSC was  10 ◦C min−1.
Dogbone-shaped tensile specimens (5.0 mm gauge length, 1.4 mm
gauge width and 1.0 mm gauge thickness) were electrical dis-
charge machined from the SZ of the FSP samples transverse to
the FSP direction. Density of the forged sample was measured
using Archimedean principle. Tensile tests were conducted using an
INSTRON 5848 micro-tester at an initial strain rate of 1 × 10−3 s−1.
The values for each condition were calculated by averaging three
test results. After tensile testing, the fracture surfaces were exam-
ined using SEM.

3. Results

3.1. Microstructure

Fig. 2 shows the XRD pattern of the forged sample. Peaks of Al3Ti
and Al2Cu were revealed, with no peaks corresponding to Ti and Cu
detected. This indicates that all the Ti and Cu reacted with the Al to
form Al3Ti and Al2Cu. Fig. 3 shows the microstructures of the forged
sample. Besides some equiaxed grains, some elongated grains with
the size of 10–20 �m were found in the matrix (Fig. 3(a)). Some gray
clusters 50–100 �m were observed in the dark Al matrix (Fig. 3(b)).
High magnification SEM images revealed that these clusters con-
sisted of numerous particles 1–4 �m in diameter (Fig. 3(c)). Some
white particles were usually located in the matrix or the clearance
of the clusters. EDS analysis indicated that the gray particles were
Al3Ti, and the white particles were Al2Cu (Fig. 3(d) and (e)). Fur-
thermore, no residual porosity was found and the density of the
forged sample was measured to be 2.936 g cm−3, which reached the
99.6% of the theoretical density of the composites (2.943 g cm−3).
This indicates that the billet almost attained full densification after
hot pressing and forging.

Fig. 4 shows the SEM images of the FSP-air and FSP-water sam-
ples, respectively. After 4-pass FSP in air, the distribution of Al3Ti
becomes homogeneous. The average size of Al3Ti revealed by SEM
was  approximately 1–3 �m.  Some Al2Cu particles were found near
the Al3Ti. Additional 2-pass FSP in water caused little influence
on the size and distribution of Al3Ti particles. However, the Al2Cu
particles disappeared after FSP in water.

Fig. 5 shows the TEM images of the FSP-air sample. The inter-
metallics located near the Al3Ti particles were identified to be Al2Cu
by electron diffraction pattern (Fig. 5(a) and (d)). The grains of

the Al matrix, with relatively low density of dislocations, were
approximately 1.5 �m (Fig. 5(b)). Some fine Al3Ti particles about
100–200 nm distributed at the grain boundaries and within the
grain interiors were also observed. After additional 2-pass FSP in
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ig. 3. Microstructure of forged in situ Al3Ti/Al–5.5Cu composite: (a) optical micro
DS  spectra of gray and white particles in (c).

ater, the matrix grains were refined to approximately 600 nm
nd a high density of dislocations was often observed in the grains
Fig. 6). The Al2Cu phases were not observed in the FSP-water sam-
le (Fig. 6), which is consistent with the SEM result (Fig. 4(b)).

The DSC curves of the FSP-air and FSP-water samples are shown
n Fig. 7. There is a broad exothermic peak at about 307 ◦C and an
ndothermic peak at about 524 ◦C for the FSP-air sample. For the
SP-water sample, the exothermic peak becomes more intensive
nd the peak temperature decreases to 287 ◦C. The intensity and
ocation of the endothermic peak in the FSP-water sample did not
hange compared with that in the FSP-air sample.

Fig. 8 shows the thermal profiles of FSP in air and water respec-

ively. The peak temperature of FSP in air was recorded to be 441 ◦C,
ith the temperature above 200 ◦C for 170 s. For FSP in water, a peak

emperature of 352 ◦C was recorded and the duration above 200 ◦C
as only 7 s.

Fig. 4. SEM micrographs of FSP in situ Al3Ti/Al–5
, (b) SEM micrograph, (c) magnified micrograph of region framed in (b), (d) and (e)

Fig. 9 shows the TEM images of the aged FSP-water sample.
After being aged at 175 ◦C for 4 h, the grain size did not change
visually, whereas the density of dislocations decreased compared
with that before aging, and some sub-grains with the characteris-
tics of dislocation recovery were also revealed (as shown by arrows
in Fig. 9(a)). Two  types of needle-like precipitates with different
sizes were found in the Al matrix. Some precipitates had a length
of 50–100 nm,  while the others had a length of less than 30 nm
(Fig. 9(b)).

3.2. Mechanical properties
Tensile properties of in situ Al3Ti/Al–5.5Cu composites under
various conditions are summarized in Table 1. The forged sam-
ple exhibited a yield strength (YS) of 174 MPa, an ultimate tensile
strength (UTS) of 263 MPa  and an elongation of 3.5%. Four-pass

.5Cu composite: (a) FSP-air, (b) FSP-water.
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Fig. 5. TEM micrographs of FSP-air sample showing (a) Al3Ti and Al2Cu, (b) grains and dislocations, (c) and (d) electron diffraction patterns of Al3Ti and Al2Cu.

mple

F
(
i
t
F

Fig. 6. TEM micrographs of FSP-water sa

SP resulted in substantial improvement in the YS (288 MPa), UTS

474 MPa) and elongation (12.0%). Additional 2-pass FSP in water
ncreased the YS (361 MPa) and UTS (577 MPa) further, however,
he elongation was reduced to 8.0%. Artificial aging treatment after
SP resulted in a significantly improved YS (417 MPa) and a slightly

Fig. 7. DSC curves of FSP-air and FSP-water samples.
 showing (a) grains and (b) dislocations.

improved UTS (582 MPa) and elongation (9.0%) for the FSP-water

sample.

Fig. 10 shows the SEM fractographs of the investigated samples.
For the forged sample, the fracture surface was characterized by
shallow and coarse dimples with some big pits, in which some par-

Fig. 8. Thermal profiles of FSP with 25 mm min−1 in air and 200 mm min−1 in water.
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Fig. 9. TEM micrographs of the aged FSP-water sample sho

Table 1
Tensile properties of forged and FSP samples.

Sample YS, MPa  UTS, MPa  El., %

Forged 174 ± 2 263 ± 3 3.5 ± 0.5
FSP-air 288 ± 4 474 ± 6 12.0 ± 1.0
FSP-water 361 ±  6 577 ± 7 8.5 ± 1.5
FSP-water + aging 417 ± 5 582 ± 2 9.0 ± 0.5
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[22] also showed that the Al–Ti reaction in an Al–10 at.%Ti com-
pact could not take place completely under the same hot-pressing
icles were revealed (Fig. 10(a)). For the FSP-air sample, a typical
uctile dimple-facture morphology was indicated by the equiaxed
nd fine dimples of 1–3 �m.  Furthermore, some holes of 2–3 �m
ere revealed (white arrows in Fig. 10(b)) on the fracture surface of

he FSP-air sample, indicating that some Al3Ti particles de-bonded
rom the Al matrix during tensile testing. The fracture surface of

he FSP-water sample also exhibited some equiaxed and fine dim-
les of 2–3 �m,  but the 2–3 �m holes disappeared (Fig. 10(c)). The

Fig. 10. Fracture surfaces of forged and FSP samples: (a) for
wing (a) grains and dislocations and (b) precipitates.

post-FSP aging caused little change in the fracture surface of the
FSP-water sample (Fig. 10(d)).

4. Discussion

4.1. Distribution and size of Al3Ti

The XRD and SEM results of the forged sample suggest that all
the Ti reacted with Al to form Al3Ti during hot pressing and forging
(Figs. 2 and 3). This is different from results reported previously
[9,22].  Chianeh et al. [9] fabricated in situ Al3Ti/Al composites from
pure Al and Ti powders (63 �m)  via powder sintering. Their results
indicated that Ti powders could not react with Al completely after
the compact was  sintered at 600 ◦C for 5 h. Our previous study
parameters as reported in this paper. The accelerated forming of
Al3Ti in this study could be attributed to the addition of Cu.

ged, (b) FSP-air, (c) FSP-water, (d) FSP-water + aging.
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During the hot-pressing or sintering of Al–Ti mixed powders, an
l3Ti layer formed at the Al–Ti interface due to reactive diffusion.
ome micro-cracks formed in the Al3Ti layer due to the volume
xpansion caused by the transformation from Ti to Al3Ti [9].  The
l3Ti layer is the obstacle to the Al–Ti inter-diffusion. In this study,
n Al–Cu eutectic liquid phase formed after the compact was heated
o 548 ◦C [23–25] and the liquid phase penetrated into the micro-
racks of the Al3Ti layers. Thus, the diffusion distance was reduced
nd the formation of Al3Ti was accelerated. After the compact was
ooled to room temperature, the liquid phase transformed to Al2Cu
n the clearance of Al3Ti particles (Fig. 3(b) and (c)) [24]. The large
rittle Al3Ti blocks were easily broken into small particles during
orging due to the existence of the micro-cracks (Fig. 3(a) and (b)).

During FSP, the material in the SZ experienced intense plastic
eformation and thermal exposure. It was estimated that 1-pass
SP could produce an effective strain of >40 [26]. Intense deforma-
ion broke up the Al3Ti blocks and resulted in a uniform distribution
f the Al3Ti particles. However, although a small quantity of nano-
ized Al3Ti particles formed due to the intense breaking effect of
he threaded pins, most of the Al3Ti particles were still in the range
f 1–3 �m (Fig. 4), which is similar to that in the forged sample
Fig. 3(b) and (c)).

According to previous studies [13,17], the refining of second-
hase particles during FSP depends on not only the tool geometry
nd processing parameters, but also the stiffness, ductility, strength
f the matrix and the initial size and aspect ratio of the particles. For
xample, FSP with a tool rotation rate of 300–900 rpm broke up the
cicular Si particles in sand-cast A356 alloys, resulting in the uni-
orm distribution of fine Si particles with an average size of 2–3 �m
nd an average aspect ratio of ∼2.0. However, increasing the tool
otation rate from 900 rpm to 1100 rpm did not result in any fur-
her refinement of the Si particles [13]. In the present study, Fig. 3(c)
evealed that the Al3Ti blocks consisted of numerous Al3Ti particles
–4 �m in diameter with a small aspect ratio. These fine particles
ould flow with the matrix during FSP under the relatively high
otation rate of 1000 rpm. In this case, although the distribution
f the Al3Ti was significantly improved by 4-pass FSP, the refining
f the Al3Ti particles was limited. Additional 2-pass FSP in water
aused little influence on the size of the Al3Ti particles (Fig. 4).

.2. Grain morphology and dislocation structure

As shown in Fig. 3(a), the matrix of the forged sample was
omposed of some elongated and equiaxed grains with a size of
0–20 �m.  The elongated grains were caused by the plastic flow of
he matrix during forging and the equiaxed grains indicated that
ecovery and partial recrystallization occurred during forging and
ubsequent cooling [27]. These original grain structures were com-
letely eliminated and replaced by the fine equiaxed grains with a

ow density of dislocation after 4-pass FSP in air (Fig. 5(b)).
The fine grain structure in the FSP-air sample resulted from

ynamic recrystallization during FSP, created by local thermal
xposure and severe plastic strain. It has been reported that newly
ecrystallized grains 25–100 nm in diameter formed around the pin
ool during FSP [28,29]. During subsequent processing, the initial

icrostructures evolved due to the thermo-mechanical defor-
ation behind the pin tool. The process included grain growth,

ntroduction of additional dislocations and recovery in the grains
20]. For FSP in air in the present study, a relatively high tool rota-
ion rate and low traverse speed were adopted. The duration of the
emperature above 200 ◦C (recovery temperature of some Al alloys)
uring FSP was about 170 s (Fig. 8). Growth of the grains would

ccur but dislocation generated by severe plastic strain would be
nnihilated due to dynamic recovery in the long duration of ther-
al  exposure. Nevertheless, the grain size in the FSP-air sample
as still smaller than that reported in most of FSW/FSP Al alloys
nd Physics 134 (2012) 294– 301 299

[30]. This can be attributed to the inhibiting and pining effects of
the Al3Ti particles on the growth of the grains.

For the FSP-water sample, the traverse speed of FSP increased
to 200 mm min−1 and additional rapid cooling with flowing water
was  used in order to increase the cooling rate after FSP. The thermal
history indicated that the duration of the temperature above 200 ◦C
during FSP in water was  only 7 s (Fig. 8). In this case, the growth of
the recrystallized grains was  effectively inhibited and more disloca-
tions were retained (Fig. 6). However, the density of dislocations in
the FSP-water sample was  somewhat higher than that reported in
FSP Al–Mg–Sc [31] and 7075Al [20] processed in water with similar
parameters. This can be attributed to several factors. Firstly, some
“geometrically necessary” dislocations would be generated during
the deformation due to the difference of elastic moduli between the
Al3Ti and Al matrix [32]. Secondly, some thermal mismatch dislo-
cations would be generated due to the difference of CTE between
the Al3Ti and Al matrix during rapid cooling [2].

The high density of dislocations in the FSP-water sample were
recovered during the artificial aging at 175 ◦C for 4 h and formed
some sub-structures in the Al matrix (Fig. 9(a)). Furthermore,
because the aging time was short the grains did not grow (Fig. 9(a)).
The results of Cheng et al. [33] indicate that the growth of the nano-
sized recrystallized grains of 2024Al occurred after aging at 160 ◦C
for 13 h.

4.3. Dissolution and re-precipitation of Al2Cu

Figs. 2 and 3 show that some Al2Cu particles with a size of
1–2 �m were formed in the forged sample. Apart from being
located in the clearance of Al3Ti clusters (Section 4.1), the Al2Cu
particles were usually located at the Al/Al3Ti interface or formed
a (semi) network in the matrix. As discussed in Section 4.1,  when
the cold compact was  heated above the eutectic temperature of
Al–Al2Cu, some transient liquid phase would form. Besides pene-
trating into the micro-cracks of the Al3Ti layers, the transient liquid
phase would wet the outside of the oxide-covered Al particles and
penetrate into the particle contacts [25]. During the subsequent
holding at 600 ◦C, Cu would be drawn from the liquid phase into
the solid solution of aluminum [34]. Because the Cu addition was
5.5 wt% in the present study, which is higher than the equilibrium
solubility of Cu in Al at 600 ◦C according to the Al–Cu phase diagram,
so some liquid would be retained in the particles contacts, such as
Al–Al particles boundaries and Al/Al3Ti interface. The existence of
liquid in the particles contacts would facilitate the densification
of the compact during hot pressing. After the compact was cooled
to room temperature, the liquid phase would transform to Al2Cu
[24,34] at the Al/Al3Ti interfaces or at the initial Al particles bound-
aries, forming a (semi) network. Furthermore, some Al2Cu would
precipitate preferentially at these locations from the matrix where
the free energy was higher than the other locations during the cool-
ing. In the present study, forging did not change the distribution of
the Al2Cu particles substantially due to the lower temperature and
deformation ratio of the forging.

After 4-pass FSP in air, some Al2Cu particles of similar size
remained (Figs. 4(a) and 5(a)). Previous studies suggested that FSP
functions like a solution treatment, though the duration of thermal
exposure during FSP was  shorter compared with that of conven-
tional solution treatment [13,18,19].  The accelerated dissolution is
usually attributed to the significantly accelerated diffusion rate and
shortened diffusion distance caused by severe plastic deformation
of FSP [35].

The peak temperatures during FSW/FSP recorded by embedded

thermocouples in the regions adjacent to the rotating pin were
generally reported to be in the range of 400–500 ◦C [30]. Fig. 8 indi-
cates that the peak temperature in the bottom of the SZ during
FSP in air was  441 ◦C. This is in agreement with those reported in
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SP/W aluminum alloys [30]. It is important to note that the actual
eak temperature of the SZ during FSP should be higher than that
ecorded by the thermocouple. Thus, most of the Al2Cu particles in
he forged sample should dissolve into the Al matrix during 4-pass
SP in air.

However, some Al2Cu particles were still found in the FSP-
ir sample (Figs. 4(a) and 5(a)). This can be explained as follows.
irstly, the traverse speed for the FSP-air sample was relatively
ow, causing a long duration of thermal exposure. The duration of
he temperature above 200 ◦C during FSP was as long as 170 s as
hown in Fig. 8. The Al2Cu would re-precipitate and coarsen over
uch a long duration. Secondly, as discussed above, the density of
islocations in the composites during FSP was higher than that in
he aluminum alloys. The increased density of dislocations would
ccelerate the forming and coarsening of Al2Cu. The weak exother-
ic  peak corresponding to the precipitation of Al2Cu in the DSC

urve further proved that most of Al2Cu phase had precipitated
rom the matrix in the FSP-air sample (Fig. 7). Thirdly, some coarse
l2Cu particles might be not fully dissolved during FSP thermal
xposure and remained in the matrix.

Although the peak temperature in the bottom of the SZ dur-
ng FSP in water was only 352 ◦C (Fig. 8), Figs. 4(b) and 6 show
hat additional 2-pass FSP in water still resulted in the dissolution
f the Al2Cu. This may  also be attributed to the accelerated diffu-
ion rate and shortened diffusion distance caused by severe plastic
eformation of FSP [35]. However, because the traverse speed of
SP was increased to 200 mm min−1 and additional rapid cooling
ith flowing water was used during FSP, the duration of the tem-
erature above 200 ◦C during FSP was reduced to 7 s (Fig. 8). In this
ase, the precipitation of Al2Cu was prohibited [36,37].  During the
eating of the DSC experiment, the precipitation of the Al2Cu phase
esulted in an intense exothermic peak at 287 ◦C for the FSP-water
ample (Fig. 7).

Aging at 175 ◦C for 4 h for the FSP-water sample resulted in the
recipitation of some metastable phases of Al2Cu from the super-
aturated solid solution (Fig. 9(b)). The precipitation sequence of
l2Cu has been well documented [36,37]. The needle-like precip-

tates with a length of 50–100 nm would be �′, and those with a
ength less than 30 nm would be �′′. A large number of �′′ coexist-
ng with a small quantity of �′ indicate that the FSP-water sample
as effectively been peak aged [37]. Although two  types of precip-

tates were revealed in Fig. 9(b), only one exothermic peak in the
SC curve of the FSP-water sample was observed (Fig. 7). This may
e attributed to the acceleration of aging caused by reinforcement
ddition or high density of dislocations in the matrix. The precipi-
ation kinetics of the FSP samples especially the FSP-water sample
eeds a further research.

.4. Tensile properties

As presented in Fig. 3(a), the microstructure of the forged sample
s characterized by coarse Al3Ti clusters between 50 and 100 �m.
hese Al3Ti clusters consisted of numerous Al3Ti particles between

 and 4 �m (Fig. 3(c)). Micro-cracks would form preferentially in
he coarse Al3Ti clusters during tensile testing, resulting in a reduc-
ion in the tensile strength and ductility and leaving some big pits
ith some Al3Ti particles on the fracture surface (Fig. 10a).

Four-pass FSP in air resulted in a significant improvement in
oth strength and ductility. This is attributed to the refinement
nd redistribution of Al3Ti by FSP (Fig. 4(a)). The refinement and
edistribution of the coarse Al3Ti clusters significantly reduces
he possibility of the Al3Ti cluster cracking under low stress.

onsequently, the possibility of void initiation is minimized,
hereby simultaneously increasing the strength and ductility of the
omposite. Meanwhile, the uniform distribution of the Al3Ti par-
icles reduced the mean inter-particle distance and then resulted
nd Physics 134 (2012) 294– 301

in the equiaxed and fine dimples on the fracture surface in
the FSP-air sample (Fig. 10(b)). However, some Al2Cu particles
formed due to the relatively long thermal exposure of FSP in air
(Figs. 4(a) and 5(a)). Firstly, the formation of Al2Cu reduced the con-
centration of Cu in the Al matrix. This in turn reduced the solution
and aging strengthening effects produced by Cu addition. Sec-
ondly, the Al2Cu particles generally formed at the Al/Al3Ti interface
(Fig. 5(a)), resulting in a reduction in interfacial bonding strength.
During the tensile test, some Al3Ti de-bonded from the matrix due
to the low interfacial strength, leaving some holes on the fracture
surface as shown in Fig. 10(b).

Additional 2-pass FSP in water caused little influence on the dis-
tribution and size of the Al3Ti particles, so the size and morphology
of the dimples on the fracture surface almost did not change. How-
ever, additional 2-pass FSP in water dissolved most of the Al2Cu
into the Al matrix (Fig. 4(b)). The dissolution of Al2Cu increased
the strength of the matrix due to the solution strengthening effect,
reducing the probability of de-bonding of the Al3Ti/Al interface
during tensile testing. Furthermore, the matrix grains were refined
significantly and the density of dislocations increased in the FSP-
water sample (Fig. 6). Thus, the YS and UTS increased and the
ductility decreased in the FSP-water sample.

Aging at 175 ◦C for 4 h for the FSP-water sample resulted in the
precipitation of fine �′′ and �′ phases (Fig. 9(b)), thereby increas-
ing the YS and the UTS of the sample. However, the ductility of the
aged sample did not decrease in comparison with that non-aged
sample. This may  be associated with the decrease in dislocation
density after aging (Fig. 9(a)). The low dislocation density after
aging would provide more room for dislocation accumulation dur-
ing tensile testing, leading to an improved ductility. A similar
result was  reported in cryo-rolled 2024Al [33,38] and equal chan-
nel angular pressed 6061Al [39]. Generally, for the PRAMCs, the
improvement of the matrix strength would cause more particles to
crack during tensile test [40], which can be revealed on the frac-
ture surface. In the present study, although the matrix strength of
the FSP-water sample was improved after aging, no cracked Al3Ti
particles were observed on the fracture surfaces, indicating that the
stress on the Al3Ti particles was still not beyond its fracture strength
during tensile test. So for the FSP-water sample, the post-FSP aging
caused little change on the fracture surface.

5. Conclusions

(1) Cu addition accelerated the formation of Al3Ti during hot press-
ing at 600 ◦C, with all the Ti reacting with the Al to form Al3Ti
during the hot pressing and subsequent forging. This formed an
in situ Al3Ti/Al–5.5Cu composite.

(2) The forged composite was characterized by the coarse matrix
grains and coarse Al3Ti clusters with a size of 50–100 �m,  with
the Al2Cu particles distributed in the matrix or the clearance of
the Al3Ti clusters. These microstructural characteristics led to
lower strength and ductility of the forged composite.

(3) Four-pass FSP in air resulted in the refinement and redistri-
bution of the Al3Ti clusters and the generation of fine matrix
grains. Meanwhile, the Al2Cu dissolved and re-precipitated due
to a relatively long duration of thermal exposure. These resulted
in a simultaneous increase in the strength and ductility.

(4) Additional 2-pass FSP in water produced little influence on the
distribution and size of the Al3Ti particles, but most of the
Al2Cu was dissolved into the matrix with the solutes retained
in solution due to the short duration of thermal exposure.

Additionally, the ultrafine matrix grains with a high density
of dislocations were obtained. These microstructure changes
resulted in a significant increase in strengths and a decrease in
ductility.
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5) Post-FSP aging resulted in the precipitation of metastable
phases of Al2Cu and an increase in the YS and the UTS of the
FSP-water sample. The ductility of the aged FSP-water sample
did not decrease due to the reduction in dislocation density
after aging compared with that of the FSP-water sample.
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