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In present work, Ti-Al3Ti core–shell structured particle reinforced Al matrix composites were fabricated 
via powder metallurgy technique followed by annealing process. The results indicated that via adjusting 
annealing parameters, Ti-Al3Ti core–shell particles with 8:0, 2:1, 1:1, and 1:15 volume fraction ratio of Ti to 
 Al3Ti, respectively, were in situ formed in the prepared composites. With the reduction of volume fraction 
ratio of Ti to  Al3Ti, the compressive strength of the composite increases gradually. Besides, as the volume 
fraction ratio of Ti to  Al3Ti reaches 1:1, the composite shows the best wear resistance among these 
studied specimens. Furthermore, the relationship between sliding time and wear mechanisms of the 
composite was investigated in detail via friction and wear tests. As the sliding time increased constantly, 
the main wear mechanism of the composite is changed from adhesion wear to a combination of fatigue, 
adhesion, oxidation, and abrasion wear.

Introduction
It is well known that particle reinforced aluminum matrix com-
posites (PRAMCs) possess outstanding performances includ-
ing superior specific strength, wear resistance, and adjustable 
elastic modulus [1, 2]. Thus, the PRAMCs are considered as a 
promising candidate to be applied in aerospace, automobile, 
and electronics industries [3, 4]. The ceramic (normally SiC [5, 
6],  TiB2 [7], and  Al2O3 [8]) or intermetallic particulates  (Al3Ti 
[9],  Al3Ni [10]) are always used as reinforcements to synthe-
size PRAMCs, which can improve the strength of the compos-
ite significantly but decrease the ductility and wear resistance. 
There exist two main reasons for the decline of the ductility and 
toughness: (1) the interfacial bonding between reinforcement 
and matrix is weak due to their poor wettability, which leads 
to crack nucleation and propagation along the interface prefer-
entially during deformation [11, 12], (2) the brittle ceramic or 
intermetallic particulates will be fractured more easily than the 
plastic Al matrix when the load is transferred from the matrix to 
the reinforcements [13], meanwhile, these hard broken particles 

are too difficult to depart from the wear surface during friction 
progress, causing an aggravation of wear [14].

Aim to overcome the problems, one of the most prospec-
tive approaches is to prepare the metal-intermetallic core–shell 
structured particle reinforced aluminum matrix composite via 
in situ method [15–18]. On the one hand, the reinforcements are 
formed by in situ chemical reaction between main powder parti-
cles during fabrication process, which is beneficial for obtaining 
strong reinforcement/matrix interfacial bonding to transfer the 
applied load [19]. On the other hand, the soft aluminum matrix 
and metal core can provide resistance to the crack propagation 
as a result of blunting the two tips of the crack, which can delay 
the fracture of the reinforced particle and further ameliorate 
mechanical performance and wear resistance of the composite 
effectively [20]. Recently, Wang et al. [17] and Xue et al. [18] 
designed and prepared a Fe-AlxFey core–shell structured particle 
reinforced Al matrix composite by in situ powder metallurgy 
technique under Ar atmosphere. The results showed that com-
pared to previous Al matrix composites reinforced by ceramic 
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or intermetallic particulates, the new type of PRAMC possessed 
a good combination of high strength and compressive ductility. 
However, some pores were always generated in the composite 
during sintering ascribed to the Kirkendal effect, which resulted 
in a substantial drop in tensile ductility. Wu et al. [16] achieved 
the Ni–AlxNiy core–shell structured particle reinforced Al 
matrix composite via the same method and explored the effect 
of Ar and  N2 atmosphere on the microstructure and mechani-
cal properties of the composite. It was indicated that under  N2 
atmosphere, the reaction of Al with  N2 was occurred, producing 
the AlN in the pores. Therefore, the porosity of the composite 
under  N2 atmosphere was less than that under Ar atmosphere, 
which had advantages on improving the density of the compos-
ite. While the ductility was still slightly declined owing to the 
net-like distribution of AlN. Recently, in situ Ti–Al3Ti core–shell 
structured particle reinforced Al matrix composite has been pro-
posed [15, 20, 21]. Their experimental results indicated that the 
composite exhibited high strength and excellent tensile elonga-
tion. The outstanding mechanical performances of the compos-
ite were attributed to the  Al3Ti phase, which possessed more 
favorable properties compared to other Al-rich aluminides [22, 
23]. In addition, the volume expansion is relatively low during 
the generation of  Al3Ti, which is conductive to reducing the 
porosity of the composite [15]. While at present, the investiga-
tions related to the influence of the relative content of Ti core 
and  Al3Ti shell in the reinforcing particle on the mechanical and 
tribological performances of the composite have been reported 
seldom, thus, further researches are urgent to be conducted.

Based on the previous studies, it is necessary to develop the 
proper quantitative relationship between Ti and  Al3Ti, which 
will contribute to achieve the excellent comprehensive perfor-
mance of the composite, and then lay the foundations for its 
engineering applications. Therefore, the main contents of this 
work were as follows: firstly, the  Tip/Al green compact was 
obtained via powder metallurgy technique. Then, the compact 
was annealed under Ar atmosphere for different time to achieve 
Ti–Al3Ti core–shell structured particle reinforced Al matrix 
composites with various volume fraction ratios of Ti to  Al3Ti. 
Thirdly, the microstructure of the composites was character-
ized by SEM, EDS, and XRD analysis. Finally, nanoindentation, 
quasi-static compression, and friction-wear tests were carried 
out on the composites at room temperature to discuss the influ-
ence mechanisms of volume fraction ratio of Ti to  Al3Ti on the 
performances of the composite in detail.

Results and discussion
Phase composition

Figure 1 shows the XRD patterns of the prepared Al matrix 
composites after annealed at 650 °C for 0.5, 0.75, 1, and 2 h, 

respectively. It can be seen that only Ti and Al diffraction peaks 
with high intensity can be detected in the composite annealed 
for 0.5 h, revealing there is no new phase formed during this 
process. While the diffraction peaks corresponding to  Al3Ti 
phase appear, meanwhile, the intensity of Ti peaks decrease in 
the composites after annealed for 0.75 and 1 h, which prove 
that a portion of Ti was converted to  Al3Ti phase by the reac-
tion of Ti + 3Al →  Al3Ti. As the annealing time increases to 2 h, 
the Ti diffraction peaks disappeared in the XRD pattern of the 
composite and the  Al3Ti peaks are intensified significantly, indi-
cating that most Ti particles were exhausted and transformed 
into  Al3Ti.

Microstructure observations

After hot pressing and annealing process, the desired composites 
with different content of each component were obtained suc-
cessfully. The back scattered electron SEM images of the synthe-
sized composites are shown in Figs. 2(a)–2(d). As indicated in 
Fig. 2(a), Ti particles in polygonal shape and light-gray color are 
evenly dispersed in the Al matrix of the composite annealed for 
0.5 h. Under high magnification, the interface between Ti par-
ticle and Al matrix is smooth and there is no obvious reaction 
layer formed at the Ti/Al interface. After annealing for 0.75 h, 
the reaction of Ti/Al is occurred and a newly formed shell with 
uniform thickness and consisting of gray phase is observed 
around the Ti core [see Fig. 2(b)], suggesting the generation 
of the core–shell structured particles in the composite. Addi-
tionally, both of the Ti/shell and shell/Al interfaces are smooth 
and clean, there no pores exist along the interface. With the 
annealing time prolong to 1 h, the thickness of shell increases 
obviously, as can be seen in Fig. 2(c). Besides, it is worth noting 
that some Ti cores are consumed to convert into the gray phase 

Figure 1:  The XRD patterns of the Ti–Al3Ti core–shell structured particle 
reinforced Al matrix composites after annealed at 650 °C for 0.5, 0.75, 1, 
and 2 h, respectively.
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in the composite annealed for 1 h, implying that Al atoms diffuse 
across the shell to react with Ti atoms. Some previous investiga-
tions [24–26] have also displayed this phenomenon and clarified 
that Al is the dominant diffusion species at temperature below 
the melting point of aluminum (660 °C). When the annealing 
time extends to 2 h, Ti react with Al sufficiently to transform 
into the gray phase and few residual Ti core can be found in the 
composite, as show in Fig. 2(d). Furthermore, some pores can 
be seen in the newly formed gray phase and at the interface of 
particle/Al matrix, which is attributed to the Kirkendall effect 
[27–30]. The average size of the reinforced particles in these 
prepared composites annealed for 0.5, 0.75, 1, and 2 h are statis-
tically analyzed based on SEM images under low magnification, 

which corresponding to 79.2, 93.0, 98.6, and 121.4 μm, respec-
tively. It is noted that the size of particle is increased gradu-
ally as a result of the occurrence of Ti/Al interfacial reaction. 
In order to further analyze the element distribution and phase 
composition of the shell, EDS mapping and point analyses were 
performed in the Area A and Point B [marked in Fig. 2(c)] in 
the composite annealed for 1 h and the results were presented 
in Figs. 2(e) and 2(f), respectively. Obviously, from Figs. 2(e1) 
and 2(e2), the shell is a Al- and Ti-rich mixed zone, revealing 
that the Al atom diffused from Al matrix into Ti particle and the 
Ti atom diffused in the opposite direction during the annealing 
process. The atom percent ratio of Al to Ti in shell is close to 3:1, 
as indicated in Fig. 2(f). Combined with the XRD result shown 

Figure 2:  The back scattered electron SEM images of the composites after annealed at 650 °C for 0.5 h (a), 0.75 h (b), 1 h (c), and 2 h (d) and the EDS 
results (e, f ) detected on Area A and Point B as marked in (c).
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in Fig. 1, it can be concluded that the in situ generated shell 
comprises  Al3Ti phase, which is in a good agreement with the 
results reported by Guo et al. [15, 20] and Junqani et al. [19] and 
the reasons for the formation of  Al3Ti as only reaction product 
have been explained in many previous literatures [31–33].

Moreover, the volume fraction of Ti and  Al3Ti phases in 
the composites after annealed for 0.5, 0.75, 1, and 2 h can be 
estimated according to the quantitative metallography and ste-
reology theories based on the SEM images of randomly selected 
area under the same low magnification. The detailed results 
are marked in Figs. 2(a)–2(d). It can be found that the volume 
fraction ratios (VFR) of Ti core to  Al3Ti shell in the compos-
ites are approximately corresponding to 8:0, 2:1, 1:1, and 1:15, 
respectively, which decrease with the increase of annealing time. 
There are two major factors accounting for this phenomenon. 
One, extending annealing time can accelerate atomic diffusion, 
another, longer annealing time can reduce the free energy of the 
formation of  Al3Ti through releasing more heat, both of which 
promote the consumption of Ti and the nucleation as well as 
the growth of  Al3Ti. For the convenience of description, the 
composites are named separately as VFR-8/0, VFR-2/1, VFR-
1/1, and VFR-1/15, according to the volume fraction ratio of 
Ti to  Al3Ti.

Composite properties

Density and nanoindentation

The bulk density and relative density of the prepared Ti–Al3Ti 
core–shell structured particle reinforced Al matrix compos-
ites are presented in Fig. 3(a). With the increase of annealing 
time, the relative density of the VFR-8/0, VFR-2/1, and VFR-
1/1 composites increases gradually from 92.2 to 96.9%, which 
is attributed to the atomic diffusion of Ti and Al during the 
initial period of reaction in favor of reducing the proportion of 
tiny pores. Besides, the changes in bulk density of these com-
posites are similar with those of relative density, owing to the 
increasing content of  Al3Ti shell. However, as annealing time 
is further prolonged to 2 h, both the bulk density and relative 
density decrease visibly caused by the accumulation of numer-
ous vacancies to generate some new pores during the formation 
of extensive  Al3Ti phase, which is coincident with the result of 
SEM observation, as shown in Fig. 2(d). Therefore, when the 
volume fraction ratio of Ti to  Al3Ti is 1:1, the relative density 
of the composite reaches the maximum, which plays a role in 
improving the performances of the Ti–Al3Ti core–shell struc-
tured particle reinforced Al matrix composite.

Figure 3:  The density and nanoindentation of the Ti–Al3Ti core–shell structured particle reinforced Al matrix composites.
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Figures 3(b)–3(d) display the typical load–displacement 
curves and the histograms corresponding to nanohardness and 
elastic modulus of each component in the prepared Al matrix 
composites after nanoindentation tests. It can be seen in Fig. 3(b) 
that both the maximum displacement and the shape of curves 
vary slightly with the annealing time, suggesting that minor 
fluctuations exist in the nanohardness and elastic modulus of 
those components. Notably, the average nanohardness (H) of Ti 
in the VFR-1/1 composite after annealed for 1 h reaches to the 
highest (3.69 GPa), compared with those in VFR-8/0, VFR-2/1, 
and VFR-1/15 composites, as shown in Fig. 3(c). On the con-
trary, the average elastic modulus (E) of Ti reduces apparently 
to 82.25 GPa in the VFR-1/1 composite [see Fig. 3(d)]. It has 
been proposed that as the Ti/Al solid-state reaction proceeded, 
numerous Al atoms diffused from Al matrix to Ti particle and 
were dissolved in Ti crystal lattice. Then, the lattice distortion 
was occurred in Ti, resulting in the changes in nanohardness 
and elastic modulus of Ti [34]. Additionally, with the formation 
of extensive  Al3Ti phase, the nanohardness and elastic modulus 
of  Al3Ti are gradually tending toward stability. The results are 
close to those measured by the same method in Lin et al.’s work 
[35]. Moreover, some previous works implied that the ratios of 
 H3/E2 and H/E are regarded as important indicators related to 
the property of wear resistance of materials [36–38]. The cor-
responding mechanical parameters of each component in these 
composites can be calculated based on the Figs. 3(c) and 3(d), 
and are listed in Table S1. The  H3/E2 and H/E values of Ti core, 
 Al3Ti shell and Al matrix in the VFR-1/1 composite are higher 
than those in other three composites, indicating that it is ben-
eficial to improve wear resistance of the VFR-1/1 composite.

Compressive behavior

Figures 4(a) and 4(b) show the typical compressive stress–strain 
curves and the histograms of compressive strength of the Ti-
Al3Ti core-shell structured particle reinforced Al matrix com-
posites, respectively. It can be found in Fig. 4(b) that the average 
compressive strength values of the VFR-8/0, VFR-2/1, VFR-1/1, 
and VFR-1/15 composites are 150 MPa, 168 MPa, 176 MPa, 
and 211 MPa, respectively. Namely, with the decrease of volume 
fraction ratio of Ti to  Al3Ti in the core-shell structured parti-
cles, the compressive strength of the composite increases gradu-
ally. Figures 4(c)–4(f) display the SEM images of the deformed 
surface for the composite specimens after compression. From 
Fig. 4(c), it is clear that the cracks are formed and propagated in 
both Al matrix and Ti particle during deformation of the VFR-
8/0 composite. In addition, the interface debonding is occurred 
between Al matrix and Ti particle in this composite owing to 
their weak physical bonding, which has negative influence on 
the strength of the composite. While in the VFR-2/1 composite 
after annealed at 650 °C for 0.75 h, a thin  Al3Ti shell was in situ 

formed between Al matrix and Ti core, resulting in the transfor-
mation of physical connected interface into chemical bonding 
interface. According to the calculation of interfacial mismatch 
strain between Al and  Al3Ti [9, 15, 20], a coherent boundary 
between Al and  Al3Ti was obtained, and therefore the applied 
load can be transferred from soft Al to  Al3Ti with strong bearing 
capacity effectively. It has also been verified by the deformed sur-
face observation, as indicated in Fig. 4(d). Obviously, cracks are 
nucleated and propagated in  Al3Ti shell leading to the fracture of 
 Al3Ti, which is beneficial for improving the composite strength.

As annealing for 1  h, higher volume fraction of  Al3Ti 
shell was produced in VFR-1/1 composite, leading to higher 
compressive strength of this composite, compared with that 
of VFR-2/1 composite [see Fig. 4(a)]. Previous investigations 
also indicated that more amount of  Al3Ti can further raise the 
strength of in situ  Al3Tip/Al composites [39, 40]. It can be found 
in Fig. 4(e) that the cracks were prior to be formed in  Al3Ti shell, 
then extended to Ti core and Al matrix, owing to the superior 
load transfer efficiency between Al matrix and reinforcement 
particles. While the further propagation of crack can be hin-
dered, suggesting that the delayed fracture of the composite 
was obtained. As for the VFR-1/15 composite annealed for 2 h, 
the  Al3Ti shell proportion reaches majority and compressive 
strength of the composite is the highest among these compos-
ites. However, it is inconsistent with the results reported in Guo 
et al.’s work [20], in which the tensile strength of the composite 
decreased once most of Ti were converted to  Al3Ti, as a result of 
the existence of pores at the interface of  Al3Ti/Al. In this study, 
the pores can be closed under the compressive stress. Therefore, 
no pores can be seen in the VFR-1/15 composite after compres-
sion tests, as shown in Fig. 4(f). In addition, it is noted that 
the main crack is prior to nucleate and branch into secondary 
cracks in the  Al3Ti. While there exists minor volume fraction 
of residual Ti core, which has an adverse effect on confining the 
crack propagation and further accelerates the fracture process 
of the composite.

Tribological properties

As we all know, the addition of particle reinforcements plays an 
important role in improving wear resistance of Al matrix com-
posite. Thus, it is necessary to study the influence mechanisms 
of the volume fraction ratio of Ti to  Al3Ti on the wear resist-
ance of the Ti-Al3Ti core–shell structured particle reinforced Al 
matrix composite. Figure 5 shows the profiles of worn track on 
the VFR-8/0, VFR-2/1, VFR-1/1, and VFR-1/15 composites after 
friction and wear tests. The cross-sectional areas (S) of worn 
track are measured by profile instrument and the correspond-
ing wear volumes (ΔV) are calculated by Eq. (4). The details 
can be seen in “Experimental procedures” section. Based on the 
Eq. (3), the lower wear rate, the less wear volume under the same 
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condition, implying that the composite possesses superior wear 
resistance. The calculation results of the wear rate are summa-
rized in Fig. 6(a), the composite can be arranged in an ascending 
order of wear rate (K): VFR-1/1, VFR-1/15, VFR-2/1, and VFR-
8/0 under all tested time, implying that the VFR-1/1 composite 
exhibits superior wear resistance compared with other three 
composites. In addition, with increasing sliding time, the K of 
all composites increases slightly. The trend of wear rate will be 
explained and discussed by the microstructure observation of 
worn surface later in this section.

Moreover, the variation of friction coefficient versus 
sliding time of VFR-8/0, VFR-2/1, VFR-1/1, and VFR-1/15 
composites are displayed in Fig. 6(b). It can be seen that the 
average friction coefficient of the VFR-8/0 composite is 0.183 

under the sliding time of 20 min. In comparison, the aver-
age friction coefficients decrease gradually to 0.161, 0.105 for 
VFR-2/1 and VFR-1/1 composites, respectively, then rise to 
0.123 for the VFR-1/15 composite. Meanwhile, the friction 
coefficients of all composites are proportional to the sliding 
time. As indicated in Fig. 5, it can be found that obvious mate-
rial pile-ups exist on the edge of all the worn tracks, as marked 
with white arrows, which is attributed to the materials defor-
mation [41]. Besides, a number of scratches (black arrows) 
can be observed on the surface of worn track, when the sliding 
time was 20 min. As prolonging the sliding time, the scratches 
blurred gradually and distinct plastic deformation (orange 
arrows) is formed on the worn track, revealing that the sur-
face thermal softening was occurred owing to the friction 

Figure 4:  The compressive stress–strain curves (a) and the histogram of compressive strength (b) of the prepared composites as well as the SEM images 
of deformed surface corresponding to VFR-8/0 (c), VFR-2/1 (d), VFR-1/1 (e), and VFR-1/15 (f ) composites, respectively.
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heat. In this case, the effect of adhesion will be enhanced, 
which has an increasing effect on the friction coefficient of 
the composite. Furthermore, the results of compression test 
(in Fig. 4) imply that the fracture of Ti-Al3Ti core–shell parti-
cles in the VFR-1/1 composite can be delayed. Namely, under 
the external load, the particles are able to support the main 
load rather than falling out of the matrix rapidly. Since the 
higher hardness of the Ti-Al3Ti core–shell particles, the softer 
Al matrix around the particles is more prone to be worn out 
during the sliding process. Then, the particles protrude from 
the surface of the VFR-1/1 composite, reducing the contact 
area between GCr15 ball and Al matrix, which is responsible 
for the relatively lower friction coefficient of VFR-1/1 com-
posite, compared to those of VFR-8/0, VFR-2/1, and VFR-1/15 
composites.

Wear mechanisms

Figure 7 presents the morphologies of worn track on the com-
posite specimen. The EDS elemental distribution maps (Figs. 
S1–S8) of the selected region marked by orange dotted line in 
Fig. 7 indicate that aluminum and oxygen elements are the major 
components of worn track and some titanium-rich zones can be 
detected on the worn track. The mass fraction of each element on 
worn track is listed in Table S2. It can be found that the mass frac-
tion of oxygen element increases with extending of sliding time, 
suggesting that surface oxidation was aggravated on the worn 
track as the interface frictional heat raised during friction and 
wear process in air [41–44]. Here, the Al matrix and Ti core may 
be oxidized to generate  Al2O3 and  TiO2, the details are as follows:

(1)4Al + 3O2 → 2Al2O3

Figure 5:  Profiles of worn tracks on the VFR-8/0, VFR-2/1, VFR-1/1, and VFR-1/15 composites after friction and wear tests.

Figure 6:  The wear rate (a) and friction coefficient (b) of the Ti-Al3Ti core–shell structured particle reinforced Al matrix composites tested for 20 and 
30 min.
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Figures 7(a)–7(d) show the morphologies of worn track 
on the composite specimens after sliding for 20 min. Obvious 
spalling and some furrows with shallow and narrow shape can 
be seen on the worn track of the specimens, revealing that adhe-
sion is the major mechanism of wear and abrasion plays the 
secondary role [45]. Namely, under the cycle stress exerted by 
friction pair, adhesion may occur between micro-protrusions 
on the surface of the specimen and friction pair due to local 
high pressure, then the adhesive points are teared and pulled 
during sliding, resulting in a large amount of spalling, which 
implies the adhesion wear. Besides, the hard phases peel off and 
shear the surface of the specimens, leading to some furrows on 
the worn track, which is the typical features of abrasion wear. 
Furthermore, some cracks can be observed on the worn tracks 
perpendicular to the sliding direction, revealing the fatigue wear. 
This is induced by the strain accumulation to a critical level 
during the repeated sliding friction process [41]. Thus, the wear 
mechanisms of the composites become a combination of adhe-
sion, abrasion, oxidation, and fatigue wear under the 20 min 

(2)Ti + O2 → TiO2

sliding time. When the sliding time increase to 30 min, as shown 
in Figs. 7(e), 7(h), the worn tracks present severer wear with 
numerous delamination layers and spalling, displaying seri-
ous fatigue wear and adhesion wear. Besides, the oxidation is 
another major factor of the wear, as a result of numerous oxygen 
element detected on the worn track via EDS mapping analy-
sis. Oppositely, the furrows cannot be observed clearly on the 
worn track, revealing a slight abrasive wear. Thus, as the sliding 
time increased continuously, the main mechanism of the com-
posites is converted into severer wear with the comprehensive 
impact of fatigue, adhesion, oxidation, and abrasion, eventu-
ally leading to the increase in wear rate. Moreover, it is worth 
noting that the worn track on VFR-1/1 specimen is obviously 
distinguished from those on VFR-8/0, VFR-2/1, and VFR-1/15 
specimens, as shown in Figs. 7(c) and 7(g). Based on the EDS 
mapping results (Figs. S1–S8), it can be found that shear was 
commonly occurred at  Al3Ti shell. However, it is notable that 
the particles are not nearly detached from the matrix during the 
sliding process, which is attributed to the inhibition of Ti core 
and Al matrix on the crack propagation and the delayed fracture 
of reinforced particles. In this case, the load carrying effect of the 
Ti-Al3Ti core–shell particles can be utilized completely, which 

Figure 7:  Morphologies of worn track on the VFR-8/0, VFR-2/1, VFR-1/1, and VFR-1/15 specimens after friction and wear testing.
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is beneficial for improving the wear resistance of the compos-
ite. Additionally, high relative density plays a positive role in 
improving wear resistance of the composite under dry condi-
tions. According to the former analysis, it can be found that the 
relative density of the VFR-1/1 composite is higher than those 
of VFR-8/0, VFR-2/1, and VFR-1/15 composites [see Fig. 3(a)], 
suggesting that less micro-defects exist in the VFR-1/1 compos-
ite, which can alleviate the abrasion wear [46]. Furthermore, the 
ratios of  H3/E2 and H/E represent plastic deformation resistance 
and maximum bearing capacity of the material maintaining the 
elastic limit during the friction process, respectively [36]. As 
mentioned above, the components in VFR-1/1 composite pos-
sess higher  H3/E2 and H/E values, compared to those in other 
three composites, which contributes to superior wear resistance 
of the VFR-1/1 composite.

In summary, through the contrastive analysis, the VFR-1/1 
composite possesses the best wear resistance, the main reasons 
are as follows: firstly, when the volume fraction ratio of Ti to 
 Al3Ti is 1:1, the cracks propagation can be inhibited by Ti core 
and Al matrix effectively, which is favorable for delaying the 
fracture of reinforced particles during friction and wear test. The 
reinforced particles with strong bearing capacity are responsible 
for superior wear resistance of the composite. Secondly, higher 
relative density is conductive to reduce stress concentration 
in the composite, which also has advantages on raising wear 
resistance of the composite. Finally, Ti core,  Al3Ti shell, and Al 
matrix in VFR-1/1 composite show relatively higher  H3/E2 and 
H/E values, which can improve wear resistance of the composite 
effectively.

Figure 8 shows the wear schematic diagrams of the Ti-Al3Ti 
core–shell structured particle reinforced Al matrix composite 
specimens against the GCr15 ball. Under the load applied by 

friction pair, plastic deformation is produced on the surface of 
specimens and then the material pile-ups are appeared on either 
side of the worn track, which can be also observed in the profiles 
of worn tracks, as shown in Fig. 5. Owing to the frictional heat, 
some oxides, such as  Al2O3 and  TiO2, are formed on the worn 
track. While these oxides are brittle and easily fell off to be wear 
debris during the sliding friction test, causing the acceleration 
of wear process. In addition, the softer Al matrix is prior to be 
worn away under the action of friction pair, resulting in the 
reinforced particles with higher hardness protruding from the 
surface gradually. Then, one possible fact is that many particles 
are detached from the Al matrix, which plays an important role 
in enhancing the average friction coefficient and average wear 
rate of the composites, such as VFR-8/0, VFR-2/1, and VFR-
1/15. Another possibility is that the protruding particles act 
as the major supporting body of the load exerted by friction 
pair, instead of being peeled off completely. As a result, obvious 
reductions of both friction coefficient and wear rate are pre-
sented in the VFR-1/1 composite. As the sliding time increased 
to 30 min, the thermal softening of Al matrix is occurred due 
to the frictional heat. This would increase direct contact area 
between specimen surface and GGr15 ball as well as prevent the 
wear debris from being discharged immediately, inducing the 
aggravation of adhesion wear and fatigue wear, which increases 
the friction coefficient and wear rate. From Fig. 6, it is also dem-
onstrated that the friction coefficients and wear rates of com-
posites have been on the rise with the extension of sliding time.

Therefore, on the basis of the microstructure observation and 
performance evaluation of the VFR-8/0, VFR-2/1, VFR-1/1, and 
VFR-1/15 composites, it can be concluded that the performances 
of the Ti–Al3Ti core–shell particle reinforced Al matrix compos-
ite can be designed by adjusting the volume fraction ratio of Ti 

Figure 8:  The wear schematic diagrams of the Ti–Al3Ti core–shell structured particle reinforced Al matrix composite specimens against the GCr15 ball.
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to  Al3Ti in the particle through controlling preparation process 
parameters. When the volume fraction ratio of Ti to  Al3Ti is 1:1, 
the desired particle/matrix interfacial bonding and proper content 
of Ti core can be obtained in the composite, which has positive 
effects on transferring load and preventing the propagation of 
cracks. As a result, strength and wear resistance of the composite 
are more excellent than those of the composites with 8:0, 2:1, and 
1:15 volume fraction of Ti to  Al3Ti in present work.

Conclusion
In present study, the Ti–Al green compact was obtained through 
powder metallurgy method, and then it was annealed at 650 °C 
for 0.5, 0.75, 1, and 2 h, respectively, to synthesize the Ti-Al3Ti 
core–shell structured particle reinforced Al matrix composites 
with various volume fraction ratios of Ti to  Al3Ti. After prepa-
ration, the volume fraction ratios of Ti core to  Al3Ti shell in 
these composites were 8:0, 2:1, 1:1, and 1:15, respectively, which 
were named as VFR-8/0, VFR-2/1, VFR-1/1, and VFR-1/15 in 
sequence. The microstructure, mechanical, and tribological 
properties of the composites were analyzed comparatively to 
explore the influence mechanisms of volume fraction ratio of 
Ti to  Al3Ti on the performances of the composite. The main 
conclusions are as follows:

The relative density of VFR-1/1 composite is 96.6%, which 
is higher than those of VFR-8/0, VFR-2/1, and VFR-1/15 
composites. In addition, Ti core,  Al3Ti shell, and Al matrix 
in VFR-1/1 composite possess higher  H3/E2 and H/E values 
than those in other three composites.
The compressive strength values of the VFR-8/0, VFR-2/1, 
VFR-1/1, and VFR-1/15 composites are 150, 168, 176, and 
210 MPa, respectively, which increase gradually with the 
reduction of volume fraction ratio of Ti to  Al3Ti.
When the volume fraction ratio of Ti to  Al3Ti is 1:1, the com-
posite possesses the best wear resistance. After sliding for 
20 min, the major wear mechanism of the Ti-Al3Ti core–shell 
structured particle reinforced Al matrix composite is adhe-
sion wear. As the sliding time increase to 30 min, the primary 
wear mechanism of the composite transits from adhesion 
to severer wear with the comprehensive impact of fatigue, 
adhesion, oxidation, and abrasion.

Experimental procedures
Composite preparation

The starting materials used to fabricate Ti-Al3Ti core–shell 
structured particle reinforced Al matrix composite were com-
mercially pure Ti powder (~ 99.8 wt% purity) and Al powder 
(~ 99.9 wt% purity) with the similar particle size of 80 ~ 100 μm. 
The Ti particles are irregular in shape with distinct sharp 

corners, while the surface of Al particles is relatively smooth. 
The Ti and Al powders with weight ratio of 1:9 were ball-milled 
for 20 min in a planetary powder mixer (Nanjing University 
Instruments Co., Ltd) in vacuum  (10–3 Pa) with a rotation speed 
of 200 rpm. The weight ratio of ball to powder was 10:1. After 
ball-milling, the shape of powder particles, especially for Ti par-
ticle, approaches to ellipsoid and the particle size of powders 
decreases to 30 ~ 70 μm, owing to the occurrence of cold-weld-
ing, fracture and recombination of the particles during the pro-
cess. Besides, the mechanical energy produced by ball-milling 
can promote atom diffusion at the interface between powder 
particles [47]. Then, the mixed powders were hot pressed at 
600 °C for 1 h in vacuum  (10–3 Pa) in a cylindrical steel die with 
the diameter and height of 50 mm and 20 mm, respectively. 
During the process, the pressure of 200 MPa was remained to 
accelerate densification of the green compacts. Subsequently, 
the green compacts were further annealed at 650 °C for 0.5, 
0.75, 1, and 2 h, respectively, under Ar atmosphere and then 
cooled in the furnace in order to achieve the Ti–Al3Ti core-shell 
structured particle reinforced Al matrix composites with various 
volume fraction ratios of Ti to  Al3Ti. The illustrative diagram 
of the specific preparation process for the desired composites is 
shown in Fig. 9.

Microstructure characterization

A Hitachi Regulus 8100 scanning electron microscope (SEM) 
equipped with a XFlash 6|100 energy dispersive spectrometer 
(EDS) was utilized to investigate the microstructure and chemi-
cal composition of the Ti–Al3Ti core–shell structured particle 
reinforced Al matrix composites. The phase compositions of 
the composites were examined by a Rigaku SmartLabSe X-ray 
diffraction with Cu  Ka radiation at the scanning speed of 5°/
min. Furthermore, SEM images of different regions on the cross 
section for each composite specimens were collected under the 
same low magnification. Then, the volume fraction of the phases 

Figure 9:  Schematic illustration of preparation process for the desired Ti–
Al3Ti core–shell structured particle reinforced Al matrix composite.
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existing in the composites was statistically calculated according 
to the quantitative metallography and stereology theories.

Composite properties

The bulk density of the Ti–Al3Ti core–shell structured particle 
reinforced Al matrix composites was measured by Archime-
des method. The theoretical density can be calculated with the 
frequently used density of  Al3Ti, Ti, and Al corresponding to 
3.36, 4.51, and 2.70 g/cm3. And then the relative density of the 
composites is equal to bulk density divided by theoretical den-
sity. In addition, the hardness and elastic modulus in nanoscale 
of main components of the composites, including Ti,  Al3Ti, and 
Al, were estimated on the cross section of the composite speci-
mens via nanoindentation tests using Bruker Hysitron TI980 
instrument equipped with the standard berkovich indenter. A 
load of 3000 μN was applied on the specimens with the loading, 
holding, and unloading time of 5, 2, and 5 s, respectively. This 
test was conducted for 3 times on the each selected area to offer 
the average value of the performance index of Ti,  Al3Ti, and Al 
phases in the composites.

Besides, the quasi-static compressive tests were performed 
on the Ti–Al3Ti core–shell structured particle reinforced Al 
matrix composite via Instron 5500R load frame at a cross head 
speed of 2 mm/min and the compressive strength was deter-
mined as the compression ratio of 20% at room temperature. The 
cubic specimens with the dimension of 5 mm × 5 mm × 10 mm 
machined from the prepared composites were tested under 
the loading perpendicular to the square end face. It should be 
pointed out that before compression, the surface of the speci-
mens were polished using the sandpapers in order to reduce the 
friction between specimen and pressure plate. After compres-
sion, the morphology of the area with maximum deformation 
on the surface of specimens was observed by SEM to investigate 
the deformation mechanisms of the composites.

Moreover, to establish the relationship between the vol-
ume fraction ratio of Ti to  Al3Ti and the wear resistance of 
the composite, dry sliding friction, and wear experiments at 
room temperature were carried out on the cylinder specimens 

(10 mm in diameter, 8 mm in height), which were cut from 
the composite and polished to 1000 grit by sandpaper, using a 
WTM-2E high-speed rotation ball-disc tribometer, as shown 
in Fig. 10(a). A GCr15 ball (used as metal bearing material in 
practical production) as a friction pair (diameter: 3 mm) was 
used to test for 20 and 30 min, respectively, under the load of 
1 N and speed of 300 r/min. The friction pair was displayed 
schematically in Fig. 10(b). Those selected test parameters are 
in order to avoid the occurrence of melting wear resulted from 
high load and speed [48]. Notably, the GCr15 ball surface was 
also treated by the sandpaper, aim to ensure the surface rough-
ness of the GCr15 ball matches with that of the specimen. The 
friction and wear tests were repeated three times under each 
experimental conditions. The friction coefficient was obtained 
directly from a data acquisition system installed inside the 
computer connected with the experimental device. After the 
friction and wear tests, the profiles, morphologies, and chemi-
cal compositions of the worn tracks were determined by sur-
face profiler (BRUKER GT-K), SEM, and EDS, respectively. 
The wear rate was calculated by the following Eq. (3) [49]:

where K is the wear rate,  mm3/N m, ΔV is the wear volume, 
 mm3, L is the load, N and d is the total sliding distance, m.

In this case, the wear volume ΔV in Eq. (3) was

where S is the cross-sectional area of the worn track,  mm2, 
which was obtained based on the profiles of the worn track, 
and C is the circumference of worn track, mm.
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