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Abstract: Mg−9Al−1Zn (AZ91) magnesium matrix composites reinforced by Ti−6Al−4V (TC4) particles were 
successfully prepared via powder metallurgical method. The yield strength (YS), ultimate tensile strength (UTS), and 
elongation (EL) showed a mountain-like tendency with the increase of the TC4 content. The mechanical properties of 
AZ91 magnesium matrix composites reached the optimal point with TC4 content of 10 wt.%, realizing YS, UTS, and 
EL of 335 MPa, 370 MPa, and 6.4%, respectively. The improvement of mechanical properties can be attributed to the 
effective load transfer from the magnesium matrix to the TC4 particles, dislocations associated with the difference in 
the coefficient of thermal expansion, good interfacial bonding between the Mg matrix and TC4 particles, and grain 
refinement strengthening. 
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1 Introduction 
 

Magnesium (Mg) is an ultralightweight 
structural metal, with a density of 1.74 g/cm3, 
which is as light as two-thirds of aluminum (Al) [1]. 
Mg alloy and its composites exhibit various 
functionalities, including excellent heat-resistant [2], 
castability [3,4], damping performance, wear 
resistance [5,6], specific strength [7,8], and specific 
stiffness [9,10], thereby attracting considerable 
research attention for the critical structural 
applications [11−13]. To date, reinforcements 
realized by ceramic particles have been intensively 
investigated in Mg matrix composites [14−18]. 
Although the ceramic particle reinforcement 
strategy improved the mechanical strength of Mg 

matrix composites, low plasticity significantly 
limited their potential applications [19,20]. By 
contrast, metallic alternatives, such as Cu, Ni, Fe, 
and TC4 particles, possess high strength, ductility 
and elastic modulus [21]. Recent studies showed 
that the composites’ strength and ductility can be 
improved by using titanium (Ti) and its alloy 
particles to reinforce Mg matrix composites rather 
than ceramic particles [22−25]. TC4 particles have 
the advantages of low density, high specific strength 
and hardness, high-temperature resistance, and good 
corrosion resistance. Previous studies confirmed that 
the ductility of TC4/AZ91 composites is better than 
that of SiC/AZ91 composites [26,27]. 

For sample preparation, secondary processing, 
such as hot extrusion, is used to refine the structure 
and improve the performance of magnesium matrix 
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composites. In the extrusion process, a fine and 
uniform recrystallized structure is introduced [28]. 
DENG et al [29] found that a uniform and dense 
composite can be obtained through secondary 
processing. ROY et al [30] reported that hot 
extrusion processing refines the matrix grains    
of the composite effectively. The dynamic 
recrystallization (DRX) of the matrix can be 
stimulated via the ceramic particle reinforcement, 
thereby making the grain size of Mg matrix finer. 
These examples are different to the extruded 
SiC/AZ91 composites, in which the damage of the 
reinforcement layer caused by the extrusion leads to 
the cracking of the particles [31]. However, specific 
research on Mg matrix composites reinforced by 
TC4 particles through the secondary processing 
technology is still limited. 

In this work, TC4 particles with higher 
strength and plasticity than that of Mg alloy are 
chosen as reinforcement to improve the 
comprehensive properties of Mg matrix composites. 
The evolution of the microstructure and mechanical 
properties of TC4-reinforced Mg matrix composites 
prepared via powder metallurgy followed by hot 
extrusion were investigated. The effects of TC4 
particles on the microstructure and mechanical 
properties of the Mg matrix composites were 
discussed. 

 
2 Experimental 
 
2.1 Raw materials 

Mg powders (99.9% purity, 50−120 μm), Al 
powders (99.8% purity, 15−53 μm), zinc (Zn) 
powders (99.8% purity, 15−53 μm), and TC4 
powders (99.8% purity, 15−53 μm) were used as 
raw materials to prepare AZ91 magnesium matrix 
composites. Figure 1 displays the SEM micrographs 
of the as-received Mg powders, Al powders, Zn 
powders, and TC4 powders. The morphologies of 
these powders are in irregular shape (Mg), and 
spherical shape (Al, Zn, TC4), respectively. 

 
2.2 Preparation of composites 

Mg matrix composites were prepared by using 
powder metallurgy method, including blending 
matrix element powders and reinforcing particles 
by mechanical stirring with ethanol as the medium. 
The mixed powders were then filtered, followed by 
vacuum drying, composite powder compaction, 
vacuum sintering to strengthen the powder compact, 
and hot extrusion, as shown in Fig. 2. This method 
does not need ball milling and is advantageous to 
avoiding heat generation during the preparation of 
the composites. 

First, TC4 particles were mixed with ethanol 
 

 
Fig. 1 SEM images of raw materials: (a) Mg powder; (b) Al powder; (c) Zn powder; (d) TC4 powder 
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for 30 min, and Mg, 9 wt.% Al and 1 wt.% Zn 
powders were mixed with ethanol and mechanically 
stirred at a rate of 1500 r/min. Second, the TC4 
particle reinforcement dispersoid was introduced in 
the mixture of Mg, 9 wt.% Al and 1 wt.% Zn 
powders, and the stirring rate was kept at 
2000 r/min. The mixing process was kept for 1.5 h 
to ensure the homogeneity of TC4 particles in 
matrix slurry. Finally, the composite slurry 
(TC4/Mg−9Al−1Zn) was filtered and dried in a 
vacuum oven at 60 °C for 15 h to synthesize the 
composite powders. 

The mixed powders were pressed by using a 
hydraulic press with a pressure of 585 MPa to 
obtain pelletized samples with a diameter of 80 mm 

and a height of 35 mm. The pelletized samples were 
then sintered at 630 °C for 2.5 h in a tube furnace 
under a purified argon atmosphere. The samples 
were annealed at 350 °C for 1 h and then hot- 
extruded at an extrusion ratio of 25:1 to obtain a rod 
with a diameter of 16 mm, as shown in Fig. 3. The 
extrusion rate was set to 1 m/min. 

 
2.3 Characterization and mechanical properties 

tests of materials 
Phase identification was conducted through 

X-ray diffraction (XRD, D/MAX−1200, China) 
with Cu Kα radiation. The microstructures of the 
extruded samples were studied through optical 
microscopy, SEM (JEOL 7800F), energy dispersive  

 

 
Fig. 2 Process flowchart of AZ91 composite fabrication using powder metallurgy method 
 

 
Fig. 3 Extruded bar (a), tensile sample (b), specific shape and size of specimen for tensile testing (c) of TC4/AZ91 
composite (unit: mm) 
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spectroscopy (EDS), and backscattered electron 
(BSE) detection. The microhardness of AZ91−xTC4 
(x=0, 5, 10, and 15 wt.%) composites was measured 
by using a microhardness tester (SHANGHAI 
HX−1000TM) under a load of 1 N and a dwell time 
of 10 s. For each sample, four sheet-shaped tensile 
samples with a gauge length of 8 mm, a width of 
3 mm, and a thickness of 1.5 mm were cut from the 
extruded rods (Fig. 3), and the tensile rate was 
0.5 mm/min. 
 
3 Results 
 
3.1 Density measurement 

The theoretical density (ρt) of composites is 
determined by  
ρt=ρmVm+ρrVr                                           (1)  
where ρm, ρr, Vm and Vr are the densities of the 
matrix and reinforcement, and volume fractions of 
the matrix and reinforcement, respectively. 

The relative density (ρr) of composites can be 
calculated by using the theoretical density (ρt) and 
the experimental density (ρe) as follows:  

e
r

t
100%ρρ

ρ
= ×                           (2) 

 
The relative density of composites as a 

function of TC4 content is shown in Fig. 4, and the 
results of relative density measurements are 
summarized in Table 1. The relative density of 
AZ91 alloy is lower than that of the composites, 
which is 96.44%. With the addition of TC4, its 
relative density monotonically increases and 
reaches more than 97%. The relative density of 
composites depends on many important factors, 
such as powder morphology, particle size, sintering 
process, and the dispersion of reinforcement 
particles in the matrix. In the experiment, the 
relative density of AZ91−TC4 composites is higher 
than that of AZ91 alloy. 

 

 
Fig. 4 Relative density of composites with different TC4 
contents 
 
3.2 Microstructure characterization 

The XRD patterns of AZ91−xTC4 composites 
are depicted in Fig. 5. The peaks of all the as- 
extruded samples are derived from the Mg substrate 
and Mg17Al12 phases. Any peaks associated with 
zinc and aluminum are not observed because of 
their low mass fraction of constituents. The addition 
of TC4 particles causes new peaks associated with 
the α-Ti phase. 

The grain characterization (size and 
morphology) of composites is exhibited in Fig. 6. 
The AZ91 alloy shows the maximal grain with a 
size of 29 μm, and the addition of micron-scale TC4 
particles can effectively reduce the grain size of 
AZ91 matrix. The grains of the composites 
transform to smaller isometric grains after hot 
extrusion, suggesting that the DRX of matrix 
occurred during the extrusion process. In 
accordance with the previous report [32], the 
ceramic particles inhibited the flow of the matrix 
during the deformation process, resulting in local 
stress concentration around the grains. Such stress 
concentration causes high densities of dislocations 
and more orientation gradients around the grains. 

 
Table 1 Density of composites with different TC4 contents 

Material 
TC4 content Density/(g·cm−3) Relative  

density/% w/% φ/% Theoretical Experimental 

AZ91 0 0 1.8115 1.7470 96.44 

AZ91−5TC4 5 2.11 1.8670 1.8150 97.21 

AZ91−10TC4 10 4.35 1.9255 1.8976 98.55 

AZ91−15TC4 15 6.73 1.9880 1.9818 99.69 
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Fig. 5 XRD patterns of AZ91−xTC4 composites 
 

Figure 7 shows the SEM images of composites. 
The Mg matrix possesses a smooth surface without 
microstructural defects, evidencing the improved 
adhesion between particles. The TC4 particles   
are homogeneously distributed in the Mg matrix. 
The Mg17Al12 precipitates exhibit a dispersive 
distribution for the 5 and 10 wt.% TC4. However, 
the Mg17Al12 precipitates present a blocky distribution 
when the content of TC4 increases to 15 wt.%. The 
interface between the TC4 and Mg matrix  
produces Al-rich phase products, as shown in Fig. 8. 
The precipitation of second phase is hindered 
because of the presence of TC4 reinforcements. The  

presence of Al-rich phase at the interface between 
reinforcement and Mg matrix may be derived from 
the diffusion from the matrix to the surrounding 
TC4 reinforcement particles. This process also 
leads to the Al-poor phase in the matrix, resulting in 
hindered precipitation of Mg17Al12. The presence of 
Al-rich phase also enhances the bonding between 
the reinforcement and Mg matrix. 

Figure 9 exhibits the inverse pole figure (IPF) 
of AZ91−xTC4 composites. In accordance with the 
IPF figures, the grain size of the composites is 
refined from 7.53 to 5.71 μm with the addition of 
TC4 particles. The grain orientation of these 
samples is relatively random, showing no 
noticeable texture in the microstructure, and the 
microstructure is all-isotropic. 

 
3.3 Mechanical properties 
3.3.1 Vickers hardness 

The Vickers hardness (HV) of AZ91−xTC4 
composites is shown in Fig. 10. The microhardness 
is enhanced with the increasing content of TC4. 
When the content of TC4 particles reaches 15 wt.%, 
the AZ91 composite shows the largest hardness. 
3.3.2 Tensile behavior 

The tensile properties of composites are  
shown in Fig. 11. The yield strength (YS), ultimate 
tensile strength (UTS), and elongation (EL) of AZ91 

 

 
Fig. 6 Optical microscopy images showing particle characteristics of composites: (a) AZ91; (b) AZ91−5TC4;        
(c) AZ91−10TC4; (d) AZ91−15TC4 
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Fig. 7 SEM images showing surface morphology of composites: (a) AZ91; (b) AZ91−5TC4; (c) AZ91−10TC4;      
(d) AZ91−15TC4 
 

 

Fig. 8 SEM image (a) and corresponding EDS mapping results (b−e) of AZ91−10TC4 composite 
 
composites increase with the increasing content of 
TC4 particles. When the content of TC4 reaches 
10 wt.%, the composite obtains the optimal YS, 
UTS and EL, which are as large as 335 MPa, 
370 MPa and 6.4%, respectively. The TC4 particles 
of the composites are uniformly dispersed in the 
matrix, leading to the strength improvement of the 

composites. However, the tensile strength and EL 
start to decrease when the content of TC4 particles 
exceeds 10 wt.%. 
3.3.3 Work hardening capability 

Work hardening denotes that the strength and 
hardness of metal materials increase, but the 
plasticity and toughness decrease with the increase 
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Fig. 9 IPF diagrams of composites: (a) AZ91; (b) AZ91−5TC4; (c) AZ91−10TC4; (d) AZ91− 15TC4 

 

 
Fig. 10 Vickers hardness of AZ91 alloy and AZ91− 
xTC4 composites 
 

 
Fig. 11 Tensile properties of AZ91−xTC4 composites 

in the degree of cold deformation [33]. The tensile 
true stress–strain curves of AZ91−xTC4 composites 
are obtained from the results in Fig. 11 to calculate 
the work hardening capacity, as shown in Fig. 12(a). 
With the increase in TC4 content, the true UTS   
of AZ91 composites increases significantly. The 
AZ91−10TC4 presents the highest true UTS of 
386 MPa. Figure 12(b) displays the work hardening 
capacity of Mg matrix composites with different 
contents of TC4 particles. The work hardening 
capacity (Hc) is formulated as follows [34]:  

UTS YS
true true

c YS
true

σ σH
σ

−
=                          (3) 

 
4 Discussion 
 
4.1 Microhardness improvement 

The enhanced hardness of composites can be 
ascribed to the following reasons. Relatively harder 
reinforcement (TC4) particles with uniform 
distribution are found. The Mg matrix is highly 
resistant to deformation when applying load due to 
the presence of reinforcement particles [35]. The 
diffusion of element at high sintering temperature 
makes the matrix and TC4 reinforcement host a 
good adhesion nature [36]. The unique structure of 
high specific surface area endows TC4 a large 
interfacial area with the Mg matrix. 
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Fig. 12 Tensile true stress−strain (a) and work hardening 
capacity (b) of AZ91−xTC4 composites 
 
4.2 Strengthening mechanism 

The mechanical properties of the composites 
are obviously improved with the appropriate 
addition of TC4 particles. The strengthening 
mechanisms of particle-reinforced materials can be 
summarized as direct and indirect strengthening 
mechanisms [37]. 

The former is derived from the load transfer 
from the matrix to the reinforcement, which is 
mainly due to the interface bonding between the 
matrix, the intermetallic phase, and the 
reinforcement. In this work, the load can be 
effectively transferred from the Mg matrix to the 
TC4 particles with the stress, making a significant 
increase in strength of the composites. The 
improvement in YS of the composites contributes to 
load transfer mechanism, which is described as 
σL.T=fσm/2 [38], where σm is the YS of the matrix, 
and f is the proportion of the particles. When the 
TC4 content ranges from 5 wt.% to 15 wt.%, the 

corresponding increase in σL.T is 5.75, 11.5, and 
17.25 MPa, respectively. This finding confirms the 
direct strengthening mechanism through load 
transfer, and the strengthening effect is better with 
larger σL.T. 

The latter is that the addition of reinforcement 
particles changes the microstructure and 
deformation mode of the composites, such as 
dislocation strengthening [39].The TC4 particles 
and Mg17Al12 intermetallic compound can impede 
the movement of dislocations in the matrix with the 
application of load. The coherence relationship 
between the precipitates and the matrix directly 
affects the mode of action between the precipitates 
and dislocations [40]. During the synthesis of the 
composites, the matrix and the reinforcing phase 
may produce grand residual stress or strain heap 
due to the diversity in the coefficient of thermal 
expansion (CTE) between the matrix (2.6×10−5 K−1) 
and the reinforcements (9.4×10−6 K−1). The 
improvement in YS of the composites is the result 
of distinction in CTE, which is imparted by 

CTE 0.2MGbσ ρ=  [41], where M is the average 
orientation factor of Mg (M=6.5), the constant 0.2 
characterizes the transparency of the dislocation 
forest of the substrate–substrate dislocation 
interaction in Mg at room temperature, G is the 
shear modulus (16.6 GPa), b is the magnitude of the 
Burgers vector (0.321 nm), and ρ is the dislocation 

density imparted by
 

12 2
(1 )
α Tfρ

bd f
Δ Δ=
−

, where Δα is 

the difference in CTE (1.7×10−5 K−1), ΔT is the 
temperature change (325 °C), and d is the mean size 
of the spherical particles (approximately 29 μm). 
The dislocation density in composites with TC4 
content of 5−15 wt.% can be determined as 
9.75×1011, 2.01×1012 and 3.27×1012 m−2. When the 
TC4 content ranges from 5 to 15 wt.%, the σCTE of 
YS increases to 5.04, 7.33 and 9.24 MPa, 
suggesting the presence of indirect strengthening 
mechanism through the different CTEs, and the 
strengthening effect is better with larger σCTE. 

The tensile EL of composites reduces when the 
TC4 content increases from 10 to 15 wt.%, which 
might be due to the agglomeration of TC4 
reinforcement particles. This results in crack 
initiation at the interfacial zone, thereby reducing 
the ductility of the composite. Although friable 
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Mg17Al12 particles with blocky distribution can 
cause brittleness of the grain boundary and crack 
initiation inside the matrix, the precipitation of 
Mg17Al12 intermetallic compounds presents 
dispersive distribution when TC4 reinforcement 
particles are appropriately introduced in the 
composites, thereby reducing their stress 
concentration. Simultaneously, the load can be 
effectively transferred from the magnesium matrix 
to the TC4 particles. Thus, the tensile strength and 
ductility of the composites are improved. 

The strength and plasticity of the obtained 
composites are higher than those reported in 
previous studies [26,27,42], as listed in Table 2. The 
AZ91−TC4 composites are prepared through 
different smelting processes [26,27]. The average 
grain size decreases with the increasing content of 
particles. The TC4 particles bond well with the 
matrix. Some interfacial reactions are observed in 
the composites. However, the composites are 
fabricated by smelting, which causes the 
inhomogeneous distribution of TC4 particles in  
the matrix due to the sedimentation during the 
smelting process. The tensile strength and plasticity 
of the composites are restricted with the UTS   
and EL of 245 MPa and 3.9%, respectively. In   
this study, the AZ91−TC4 composites are prepared 
by powder metallurgy method, and the TC4 
reinforcement particles distribute in the magnesium 
matrix uniformly. Some studies were reported    
on AZ91−SiC composites using SiC ceramic 
particle as reinforcement [42,43]. The UTS and EL 
of the composites are 152 MPa and 0.8%, 
respectively.  
 
Table 2 Comparison of mechanical properties of 
AZ91−TC4 composites with previous studies 

Material 
YS/ 
MPa 

UTS/
MPa

EL/
%

AZ91 (this work) 230 240 3.3

AZ91−5wt.%TC4 (this work) 302 321 5.2

AZ91−10wt.%TC4 (this work) 335 370 6.4

AZ91−15wt.%TC4 (this work) 263 280 4.4

As-cast AZ91−10vol.%TC4 [27] 125 245 3.9

As-extruded AZ91−10vol.%TC4 [27] 249 369 6.4

Cast AZ91−20vol.%TC4 [26] − 154 0.5

AZ91−10vol.%SiC [42] 135 152 0.8

The low ductility is due to the appearance of 
localized damages, such as interface debonding in 
the fracture process of the composites. The Mg 
matrix composites reinforced by ceramic particles 
show high strength but low plasticity, which limits 
their potential applications. Metallic particles 
possess improved strength, ductility, and elastic 
modulus [37]. The experimental results show that 
the strength and ductility of the prepared 
AZ91−TC4 composites are higher than those of the 
Mg matrix composites reinforced by ceramic 
particles with high volume fraction. 
 
4.3 Work hardening mechanism 

The variation of work hardening capacity is 
closely related to the dislocation movements in 
as-extruded material [44]. When dislocations are 
piled up around the periphery of TC4 particles, the 
particles activate a sliding system to transfer stress, 
efficiently reducing stress concentration [45]. The 
decreased stress concentration reduces the work 
hardening capacity to a certain extent. Thus, the 
work hardening capacity decreases with the 
increase in TC4 content, and the plasticity of the 
composites is improved. 
 
4.4 Fracture mechanism 

The tensile fracture morphology of 
AZ91−xTC4 composites is displayed in Fig. 13. 
The tensile fracture surface morphology shows that 
the fracture mechanism of composites is ductile 
fracture (Figs. 13(a−d)). The SEM images of the 
fracture of the composites show dimples and tear 
ridges, as displayed in Figs. 13(b, c, d), indicating 
the ductility of the composites, which agrees well 
with the EL of the composites. In other studies, the 
fractured surface of SiC/AZ91 composites shows 
that the cracks are close to the ceramic particles, 
causing the fracture of the composites and the 
debonding of particles from the matrix [29,46]. In 
the present work, the TC4 particles are discovered 
within the dimples, as displayed in Figs. 13(f, g, h). 
The interfacial debonding and microcracks rarely 
appear regardless of a few small dimples in the 
fracture of the composites. This proves that the TC4 
particles can improve the interface bonding between 
the reinforcement particles and the matrix, further 
enhancing the mechanical properties of the 
composites. 
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Fig. 13 SEM (a−d) and BSE (e−h) images of fractured surface of AZ91−xTC4 composites (a, e) x=0 wt.%;          
(b, f) x=5 wt.%; (c, g) x=10 wt.%; (d, h) x=15 wt.% 
 
 
5 Conclusions 
 

(1) AZ91 magnesium matrix composites 
reinforced by TC4 particles exhibited a great 
improvement in tensile strength compared with 
AZ91 alloy. The improvement of mechanical 
properties can be attributed to the effective load 
transferring from the magnesium matrix to the TC4 
particles, dislocations produced by the difference in 
the CTE, good interfacial bonding between the Mg 
matrix and TC4 particles, and fine-grain 
strengthening. 

(2) With the increase in the TC4 content, the 
tensile strength, elongation, and hardness increased 
simultaneously. However, when the TC4 content 
exceeded 10 wt.%, the strength and elongation 
began to reduce. 
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摘  要：采用粉末冶金法制备 Ti−6Al−4V(TC4)颗粒增强 Mg−9Al−1Zn(AZ91)镁基复合材料。随着 TC4 含量的增

加，复合材料的屈服强度、极限抗拉强度和伸长率先升高后降低。当 TC4 颗粒的含量达到 10%(质量分数)时，复

合材料具有优异的综合力学性能，其屈服强度、抗拉强度和伸长率分别为 335 MPa、370 MPa 和 6.4%。综合力学

性能的改善是由于镁基体和 TC4 颗粒之间具有良好的界面结合，载荷可从镁基体转移到 TC4 颗粒上，其强化机

制主要包括热膨胀系数差异引起的位错强化及细晶强化。 

关键词：镁基复合材料；粉末冶金；力学性能；强化机制 
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