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Abstract
In this study, the deformable titanium (Ti) particles reinforced AZ91 composite was successfully prepared by powder met-
allurgy and subsequent extrusion. The mechanical properties and microstructural evolution of pure AZ91 and 5Ti/AZ91 
composite were studied. The yield strength, ultimate tensile strength, and elongation of 5Ti/AZ91 composite are measured 
to be 212 MPa, 323 MPa, and 10.1%, respectively. Microstructure analysis revealed that Ti particles are elongated along the 
extrusion direction, forming a discontinuous strip Ti particles, fine precipitated Mg17Al12 phase inhibits dynamic recrystal-
lization (DRX) behavior through Zener pinning effect and hinders the growth of matrix grains, resulting in refiner grains of 
5Ti/AZ91 composite. Heterogeneous deformed Ti particles and magnesium (Mg) matrix to generate additional heterogene-
ous deformation-induced (HDI) strengthening. Heterogeneous deformation-induced strengthening mainly contributed to the 
increment of yield strength for 5Ti/AZ91 composite.

Keywords  Magnesium matrix composites · Ti particles · Recrystallization · Mechanical properties · Heterogeneous 
deformation

1  Introduction

While Mg alloys have drawn considerable attention as prom-
ising lightweight materials due to their low density, high 
specific strength, and high specific stiffness [1], their poor 
plasticity and low strength have limited potential application 
[2]. Meanwhile, magnesium matrix composites are known 
to co-host advantages of matrix and reinforcement, real-
izing the lightweight and good toughness of the material 

[3]. Extensive research on magnesium matrix composites 
has been conducted in a variety of research fields, including 
aerospace, automotive, and medical care. Typically, ceramic 
reinforcements, such as SiC, TC4, Al2O3, BN, and Y2O3, 
have been intensively investigated in traditional magnesium 
matrix composites, leading to high strength and hardness 
natures [4]. However, the interface between ceramic par-
ticles and Mg matrix is highly incoherent. In addition, the 
hard and brittle characteristics of ceramic materials always 
result in substantial internal stress in the micro area. Thus, 
the ceramic reinforced magnesium matrix composites usu-
ally exhibit high strength but low ductility. For example, 
Wang et al. [5] found that SiCp/Mg composite maintained 
an incoherent interface between SiC and Mg, resulting in a 
plasticity as low as 1.6%. Hassan et al. [6] prepared Al2O3/
Mg composite with an ultimate tensile strength of ~ 250 MPa 
with poor plasticity of ~ 6.9%.

Compared with ceramic particles, metal particles, such 
as Ni, Cu, Fe, Nd, and Ti have higher plasticity and elas-
tic modulus. However, the transition metals, such as Cu, 
Nd, Ni, and Fe, are rarely employed as reinforcement ele-
ments in magnesium matrix composites due to the for-
mation of brittle intermetallic phases with Mg, reducing 
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the corrosion resistance of Mg matrix [7–9]. Meanwhile, 
the transition metals, such as Ti, keep better wettability 
with the Mg matrix. Both Ti and Mg are immiscible under 
equilibrium conditions, avoiding the formation of brittle 
intermetallic phases at the Mg/Ti interface [10]. Moreover, 
Ti particles have the advantages of lower density, higher 
melting point, excellent mechanical strength, good ductil-
ity, and thus considered one of the ideal reinforcement 
elements for magnesium matrix composites [11].

Accordingly, Ti particles have attracted more attention 
to replace traditional hard ceramic reinforcement particles 
for magnesium matrix composites [12]. Rashad et al. [13] 
adopted the semi-powder metallurgy method to prepare 
Ti particles reinforced magnesium matrix composite, and 
its elastic modulus, yield strength, and ultimate tensile 
strength are 12.1 GPa, 147 MPa, and 212 MPa, respec-
tively. Pérez et al. [14] prepared pure Ti reinforced mag-
nesium matrix composite through powder metallurgy and 
hot extrusion, in which tensile strength and elongation are 
as high as 160 MPa and 8% at room temperature. Yu et al. 
[15] used powder metallurgy to prepare ultra-fine-grained 
Ti/AZ31 composite with a fracture toughness of 13%.

Powder metallurgy is a mature method for producing 
high-performance magnesium matrix composites which 
have been widely used in the past decades [16]. For mag-
nesium matrix composites prepared by powder metallurgy 
routes after hot extrusion, the properties of magnesium 
matrix composites could be greatly improved. Ye et al. 
[17] found that the ultimate tensile strength and elastic 
modulus of 9Ti/AZ31 increased by 23 MPa and 3.2 GPa, 
respectively, compared to pure AZ31 alloy. Sankarana-
rayanan et al. [18] found that the extruded magnesium 
matrix composites were reinforced by Ti particles, and 
their ultimate tensile strength and plasticity were 226 MPa 
and 8.0%, respectively. Wang et al. [19] noted that the 
ultimate tensile strength of 5SiCp/AZ91 increased from 
151 to 273 MPa after extrusion due to the significant grain 
refinement by DRX. Extrusion can increase dislocation 
density in the matrix, thereby increasing the strength of 
matrix, which facilitates the transfer of larger payloads 
to reinforcement [20]. Studies on synergistic deformation 
of particles themselves with matrix and their effects on 
recrystallization have focused on ceramic particles [21]. 
Therefore, it is very interesting to study the recrystalliza-
tion behavior, particle evolution, and HDI strengthening 
of Ti particles-reinforced magnesium matrix composite.

With the above discussion, here we studied the micro-
structure of magnesium matrix composite reinforced by 
Ti particles after hot extrusion and the mechanical prop-
erties. Deformation behaviors of Ti particles in the AZ91 
matrix, the effect of Ti particles on recrystallization, and 
HDI strengthening induced by Ti particles are discussed.

2 � Experimental

2.1 � Fabrication of Composite

The pure AZ91 and 5Ti/AZ91 composite are prepared by 
powder metallurgy and subsequent extrusion as shown in 
Fig. 1. Both pure Ti powder and AZ91 alloy powder are 
commercial powders with a purity of 99.9%. In an argon 
atmosphere, pure Ti powder (< 36 μm) and AZ91 powder 
(< 75 μm) were mixed in a ball mill at a speed of 80 r/
min for 150 min. The weight ratio of stainless steel balls 
and powder was 10:1. Then, the ball-milled powder was 
hot press sintering under the conditions of 15 MPa and 
500 °C for 30 min. The shape of the sintered product is a 
cylindrical shape with 80 mm in diameter and 30 mm in 
height. The billets of pure AZ91 and 5Ti/AZ91 composite 
were homogenized at 420 °C for 24 h. The samples were 
kept in a furnace at 350 °C for 1 h, then extruded into a 
rod (16 mm in diameter) with an extrusion ratio of 25:1.

2.2 � Microstructure Characterization

The Rigaku D/max 2500PC X-ray diffractometer was used 
to identify the constituent phase. Microstructure observa-
tion was conducted using a Zeiss metallographic micro-
scope. Microstructure and crystal orientation analysis of 
samples were conducted using a JEOLJSM-7800F scan-
ning electron microscope (SEM) equipped with electron 
backscatter diffraction (EBSD). The observed microstruc-
tures are located at the center of the specimen, parallel to 
the extrusion direction. To observe the grain boundaries 
of specimens, mechanical polishing is required, followed 
by etching with picric acid (5.5 g picric acid, 5 ml acetic 
acid, 90 ml ethanol, 10 ml distilled water). EBSD sample 
is prepared to perform mechanical polishing first and then 
use commercial magnesium alloy polishing solution for 
electrolytic polishing.

Fig. 1   Sketch map of fabrication procedure of Ti/AZ91 composite
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2.3 � Mechanical Properties

The tensile test of plate-shaped samples was conducted 
along the extrusion direction with a CMT-5105 universal 
testing machine at room temperature with a test rate of 
1 mm/min. Tensile samples were tested three times under 
the same conditions to ensure reproducibility. The loading 
unloading–reloading (LUR) process of tensile test is car-
ried out under a loading strain rate of 5 × 10–4 s−1. Under 
a certain unloading strain, the specimen was unloaded 
in a load-control mode to 20 N at an unloading rate of 
200 N min–1, followed by reloading to the same applied 
load.

3 � Results

The X-ray diffractometer (XRD) diffraction patterns of Ti/
AZ91 composite are shown in Fig. 2. Diffraction peaks 
derived from the α-Mg matrix, Ti phase, and Mg17Al12 phase 
can be identified. The diffraction peaks at 32°, 34°, and 36° 
of diffraction pattern correspond to pyramid {10 

−

1 1}, basal 
{0002} and prismatic {10 

−

1 0} of magnesium alloy, respec-
tively. No large amounts of other phases were found based 
on XRD results. It is well known that Mg and Ti will not 
dissolve with each other regardless of any temperature in an 
equilibrium state. Since XRD can only analyze phases with 
relatively large contents, the nanophases that may be pre-
cipitated require more microscopic characterization meth-
ods to confirm whether such compounds are formed at the 
interface.

Optical micrographs of Ti/AZ91 composite are shown in 
Fig. 3a and b. It can be seen that most of the grains in Fig. 3a 
are almost equiaxed, which indicates that DRX takes place 
after the extrusion. In 5Ti/AZ91 composite, it can be seen 
that Ti particles were elongated along the extrusion direc-
tion, forming a discontinuous strip Ti particles, as shown by 
the blue arrows in Fig. 3b.

After hot extrusion, the surface of Ti/AZ91 composite 
exhibits a void-free structure (Fig. 4). According to energy 
dispersive spectroscopy point scan results (Fig. 4c) and XRD 
analysis (Fig. 2), the fine second-phase particles in pure 
AZ91 alloy were identified as Mg17Al12. In the 5Ti/AZ91 
composite, as shown in Fig. 4b, Ti particles appeared in the 
matrix, in addition to many fine Mg17Al12 dispersed. Ti par-
ticle distribution in the matrix was relatively uniform with-
out agglomeration. As can be seen in Fig. 4d, the distribution 
map of 5Ti/AZ91 composite under high magnification, that 

Fig. 2   XRD diagrams of as-extruded Ti/AZ91 composite

Fig. 3   Optical micrographs of as extruded a AZ91, b 5Ti/AZ91 composite
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Ti particles are well combined with matrix interface without 
obvious voids.

The band contrast diagrams of Ti/AZ91 composite are 
shown in Fig. 5a and b. It can be seen that the grains of 5Ti/
AZ91 composite are significantly smaller than those of pure 
AZ91, and the average grain sizes of AZ91 and 5Ti/AZ91 
composite are 8.6 μm and 5.3 μm, respectively. There are 
bimodal structures in extruded 5Ti/AZ91 composite, which 
contain fine-equiaxed and coarse grains extending along the 
extrusion direction. Kernel average misorientation (KAM) 
diagrams of AZ91 and 5Ti/AZ91 composite are shown in 
Fig. 5c and d. It can be seen that local misorientation of crys-
tal grains in pure AZ91 is lower than that in 5Ti/AZ91 com-
posite. High KAM values indicate more stress concentration 
in the 5Ti/AZ91 composite. Recrystallization diagrams of 
AZ91 and Ti/AZ91 are shown in Fig. 5e and f. It can be 
seen from the figures that pure AZ91 alloy after extrusion, 
the volume fraction of recrystallized Mg matrix is as high as 
87.4%. Meanwhile, the volume fraction of recrystallized Mg 
reduced to 59.1% in 5Ti/AZ91 composite. It is considered 
that there are more subgrain boundaries and strain energy in 
the structure, which can improve the strength of the material 

[22]. The recrystallization completion degree of 5Ti/AZ91 
composite is lower than that of pure AZ91. In the matrix of 
5Ti/AZ91, there are more deformed grains and substruc-
tures, which are more likely to form dislocation congestion 
groups, causing stress concentration. Under the action of 
external load, microcracks are more likely to occur in 5Ti/
AZ91 composite. When stress is higher than the interface 
bonding strength, cracks will initiate and propagate rapidly 
during the subsequent deformation process, which is harm-
ful to material’s plasticity.

The tensile curves and mechanical properties values of 
Ti/AZ91 composite obtained by hot press sintering and sub-
sequent hot extrusion are shown in Fig. 6a and b. It can be 
seen that the yield strength and ultimate tensile strength of 
5Ti/AZ91 are as high as 212 MPa and 323 MPa, respec-
tively. Compared to AZ91 alloy, the mechanical proper-
ties of the 5Ti/AZ91 composite are significantly improved. 
Table 1 summarizes yield strength, ultimate tensile strength, 
and elongation of magnesium matrix composites with dif-
ferent reinforcements. Compared to previous studies, the 
5Ti/AZ91 composite has higher plasticity while improving 
strength, and its elongation is ~ 10%.

Fig. 4   SEM micrographs of as extruded a, c AZ91, b, d 5Ti/AZ91 composite
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Tensile fracture morphologies of Ti/AZ91 composite 
are shown in Fig. 7. As marked by the yellow arrows in 
Fig. 7b, an amount of dimples can be identified in AZ91 
material, indicating that the main fracture mechanism of 

AZ91 is ductile fracture, consistent with moderate elon-
gation. In Ti/AZ91 composite, Ti particles are circled by 
the yellow ellipses, shown in Fig. 7c. Dimples and cleav-
age steps can be identified in the 5Ti/AZ91 composite. 

Fig. 5   Band contrast maps, KAM maps and DRX distribution maps of as extruded: a, c, e AZ91, b, d, f 5Ti/AZ91 composite
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However, compared with the pure AZ91 alloy, the number 
of dimples and cleavage steps in the 5Ti/AZ91 compos-
ite is less than that of the pure AZ91 alloy. There are 
some cracks around Ti particles, as shown by the yellow 
arrows in Fig. 7d. Cracks around ceramic particles are 
more significant than those around Ti particles, and there 
are cracks through the matrix in the fracture diagram [25, 
26]. After applying tensile load, cracks are more likely 
to initiate at the interfaces between ceramic particles and 
Mg. Since Ti and Mg have similar crystal structures, it 
is beneficial to achieve good interfacial bonding between 
Mg and Ti, which can delay propagation and connection 
of microcracks and prevent premature fracture of com-
posite [27]. Mordike et al. [28] have reported that non-
uniformity of deformation increases between particles 
and matrix in tensile tests, which leads to more stress 
concentrations around particles. During tensile deforma-
tion, a large stress concentration zone will appear around 
Ti particles, which is conducive to the initiation of micro-
cracks at the Mg/Ti interface, resulting in a 3% decrease 
in ductility of the material.

4 � Discussion

4.1 � Stress–Strain Evolution of Particles

In the 5Ti/AZ91 composite, Ti particles are deformed into 
discontinuous strip Ti particles under the strong shear 
stress generated by extrusion. During extrusion, deformed 
Ti particles still maintain an excellent interface bond with 
the Mg matrix, as shown in Fig. 4b and d. There is a key 
issue in determining Ti particles' deformation during hot 
extrusion effectively. The force on the Ti particles must 
be greater than their yield strength, which would result in 
the plastic deformation of Ti particles. In principle, the 
best way to achieve this goal is to apply shear stress at 
the interface. The yield strength of Ti is about 218 MPa 
[29]. According to shear lag theory, only a small fraction 
of Ti particles can be loaded to yield stress. Moreover, the 
stress sustained by Ti particles is underestimated when 
using the shear lag theory. Because there is a difference 
in thermal expansion coefficient between Ti particles and 

Fig. 6   a Tensile stress–strain curves, b tensile properties of as extruded AZ91 and 5Ti/AZ91 composite

Table 1   Mechanical properties of magnesium-based composite reinforced by different reinforcements

Composites Processing method Yield strength 
(MPa)

Ultimate tensile 
strength (MPa)

Elongation (%) Ref.

5%Ti/AZ91 Hot press sintering + hot extrusion 212 ± 5 323 ± 5 10.1 ± 0.5 This work
10%Ti/Mg Powder metallurgy + hot extrusion 118 158 1.5 [14]
3%Ti/Mg Spark plasma sintering + Hot extrusion 192 251 8.9 [23]
20%Ti/Mg Hot press sintering + hot extrusion 99 156 2.4 [24]
6%Ti/AZ31 Cold pressing + hot extrusion 255 304 6.9 [17]
5%Ti/AZ31 Vacuum hot pressing + hot extrusion 193 260 13.5 [15]
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AZ91 matrix [30], the internal stress of composite is not 
taken into account. The residual stress (σrp) in the particles 
is given by [31]: 

where Vp is Ti particles volume fraction, ε* is the Eigen 
strain, E is the modulus of AZ91, ʋm is Poisson's ratio of 
the matrix, which is given by the following equation [31]:

(1)�rp = −
2
(

1 − Vp

)

Em

3
(

1 − �m

)

�∗
,

(2)�
∗ = −

3mΔaΔT1
(

1 − Vp

)

(m + 2)
+ 3mVp,

In the above formula, Δα is the difference between the ther-
mal expansion coefficients (CTEs) of two materials. Em and 
Ep represent Young's modulus of matrix and particles, respec-
tively. The parameter values used to calculate the residual 
stress are listed in Table 2. During solution treatment, ΔT1 is 
the temperature change caused by quenching, which is 400 °C, 
and the above equation predicts the stress of Ti particles in 
5Ti/AZ91 composite to be σrp = –396 MPa. The results show 
that Ti particles will be loaded to the yield strength during the 
hot extrusion process. As shown in Fig. 4 (b), Ti particles are 
elongated or even broken along the extrusion direction after 
extrusion marked by yellow dashed lines. It should be noted 

(3)m =

(

1 − �m

)

Ep
(

1 − 2�m
)

Em

,

Fig. 7   Tensile fracture morphologies of as extruded a, b AZ91, c, d 5Ti/AZ91 composite

Table 2   Parameter values for calculating residual stress and the increased yield strength [15, 17, 22, 30]

G (GPa) b (nm) ΔT (K) Δα (°C−1) Vp dp (µm) σm (MPa) ʋm Em (GPa) Ep (GPa)

17.3 0.321 603 26.1 × 10–5 0.02 25 159 0.33 45 106
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that the equation assumed that particles have not undergone 
plastic deformation. However, considering the deformability 
of Ti particles, synergistic deformation behaviors of Ti parti-
cles may occur during tensile tests. Residual stress in the Ti 
particles is significantly released due to the plastic deformation 
of Ti particles.

4.2 � Recrystallization Analysis

The main recrystallization mechanism of magnesium alloy 
at a relatively high temperature of 350 °C is discontinuous 
dynamic recrystallization (DDRX) deformation [32]. Incom-
plete recrystallization during hot deformation is considered 
the main reason for the existence of bimodal structures [33]. 
Large strain applied during extrusion causes grains to be 
elongated along the extrusion direction, and dislocation den-
sity gradually increases, leading to the occurrence of DDRX 
of Mg matrix. However, dislocations that are piled up around 
grain boundary can relieve local strain through strain-
induced grain boundary migration, causing grain boundary 
bulging. As a result, boundary acts as a nucleation site for 
DRX grains formed by DDRX, and subsequent growth of 
newly formed grains (DRXed grains) reduces the internal 
strain energy of material [34]. Robson et al. [35] found that 
smaller second phase particles (size < 0.5 μm) can inhibit 
DRX behavior through Zener pinning effect. For larger par-
ticles (size > 1 μm), larger strain energy accumulates around 
the particles, which is beneficial to the formation of DRX 
grains around particles. This recrystallization phenomenon 
is called particle stimulated nucleation (PSN) [36].

It is well known that hard ceramic particles inhibit the 
flow of matrix during deformation, which gives rise to a 
local stress concentration around particles and thus reduces 
the plasticity of the material. Stress concentration at the 
interface between particles and matrix will produce a large 
number of high-density dislocations and large orientation 
gradients, thereby forming particle deformation zones 
(PDZs) [37]. However, Ti particles are elongated along the 
extrusion direction, which can release some of the stress 
concentration around particles. Therefore, under the same 
conditions, orientation gradient and dislocation density near 
Ti particles are lower than those of hard SiC particles. In 
5Ti/AZ91composite, as a result of coordination deformation 
of Ti particles, the kinetic of Mg recrystallization weakened 
during hot extrusion. After hot extrusion, a larger density 
of defects (e.g. vacancies and dislocations) are generated, 
which provide more diffusion paths for solute elements and 
promote the formation of precipitates. Due to the uncoordi-
nated deformation of Ti particles and Mg during extrusion, 
the density of crystal defects in 5Ti/AZ91 composite will be 
increased, which is conducive to the diffusion of aluminum, 
thereby promoting the precipitation of fine Mg17Al12 parti-
cles [33]. The distribution and size of Mg17Al12 in matrix 

significantly affect the degree of recrystallization of mate-
rial [38]. As shown in Fig. 4d, there are more fine precipi-
tates in 5Ti/AZ91 composite, which can delay DRX through 
Zener pinning effect. Fine Mg17Al12 reduces grain bound-
ary mobility through the boundary pinning effect, so that 
boundary expansion required for nucleation of new DRX 
grains is suppressed, thereby reducing the DRX degree of 
material [39]. The volume fraction of recrystallized Mg in 
5Ti/AZ91 composite is lower than the volume fraction of 
recrystallized Mg in pure AZ91 alloy due to the pinning 
effect generated by more Mg17Al12 in 5Ti/AZ91 composite. 
In terms of grain growth, fine Mg17Al12 precipitates inhibit 
the growth of DRXed grains, resulting in significant grain 
refinement of DRXed grains [36]. Statistical results of grain 
size in Fig. 5a and b show that the average grain size of 5Ti/
AZ91 composite after extrusion is significantly smaller than 
the extruded pure AZ91 material.

4.3 � Strengthening Mechanism

It is well known that the yield strength of composite is 
directly related to the ability of the material to delay the 
movement of dislocations. In AZ91 and Ti/AZ91 materials, 
Orowan strengthening, fine-grained strengthening, thermal 
mismatch strengthening, and load transfer strengthening 
contributed to the improvement in strength. In 5Ti/AZ91 
composite, the Orowan strengthening effect is not signifi-
cant, due to the coarser Ti particles and large inter particles 
spacing. The addition of Ti particles leads to grain refine-
ment, which improves the yield strength of composite, 
according to the Hall–Petch relationship can be estimated 
[40]:

where K is the Hall-Patch coefficient of Mg matrix which is 
given as 0.13 MPa·m1/2. dcomposite and dAZ91 are the average 
grain size of composite and AZ91 alloy, respectively.

The difference in coefficient of thermal expansion 
between Ti particles and Mg matrix induces thermal strain, 
which generates a high density of dislocations near Ti parti-
cles, resulting in the improvement of yield strength of com-
posite. The enhancement in yield strength can be calculated 
using the following equation [41]:

where G is the shear modulus of AZ91 alloy, b is the Burgers 
vector of Mg, and α is the geometric constant value of 1.25. 
Δα is the CTEs different from the Ti particles and AZ91 
matrix, ΔT represents the temperature difference between hot 

(4)Δ�Hall - petch = K

(

d
−

1

2

composite
− d

−
1

2

AZ91

)

,

(5)Δ�CET =
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3�Gb

�

12VpΔ�ΔT
�

1 − VP

�

bdp

,
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extrusion temperature and tensile temperature. dp and Vp are 
the average diameters and volume fraction of Ti particles, 
respectively.

In Ti/AZ91 composite, the load can be transferred from 
the Mg matrix to Ti particles, which is beneficial to improv-
ing the material's yield strength. The enhancement in yield 
strength caused by the load transfer (Δσload) can be calcu-
lated using the following equation [42]:

where σm is the yield strength of AZ91 matrix. The param-
eter values used to calculate the theoretical yield strength 
are shown in Table 2. Based on the above analysis, the theo-
retical yield strength (Δσ) of 5Ti/AZ91 composite can be 
calculated by the following equation:

The theoretical yield strength of 5Ti/AZ91 composite 
is calculated and compared with the experimental results, 
as shown in Fig. 8. The values of Δσ are lower than the 
experimental value. It can be seen that the four mechanisms 
are insufficient to explain the yield strength of AZ91 com-
posite enhanced by heterogeneous Ti particles. Zhu et al. 
[43] believe that in steel, inhomogeneity caused by sec-
ond phase or hard precipitates of different sizes will sig-
nificantly increase the strength of the material. However, 
to achieve the goal that the strength and plasticity of mate-
rial are increased simultaneously, heterogeneous domains 
with appropriate size, geometric shape, and distribution 
are required [44]. In this study, Ti particles were elongated 
along the extrusion direction to form discontinuous strip Ti 
particles, and Ti and Mg matrix still maintain a continuous 
interface. Plastic deformation between Ti particles and Mg 

(6)Δ�load = 0.5Vp�m,

(7)Δ� = Δ�AZ91 + Δ�Hall−petch + Δ�CET + Δ�load.

matrix is inhomogeneous but continuous, resulting in strain 
gradient in domain interfaces, which needs to be accom-
modated by geometrically necessary dislocations (GNDs) 
[45]. The GNDs pile up at the domain interfaces produce 
back stress in the soft domain, resulting in HDI hardening 
that strengthens the soft domains [46]. However, the GNDs 
at the domain interface are hard to find alone. Meanwhile, 
HDI strengthening of particles-reinforced composite is still 
being explored. The HDI stress (σHDI) can be calculated by 
the following equation [47]:

In the above formula, σu unloading yield stress, and σr 
is the reload yield stress. The LUR test enables quantita-
tive analysis of HDI hardening, as shown in Fig. 9a. The 
hysteresis loop of 5Ti/AZ91 composite during LUR test is 
larger, which means that the Bauschinger effect of 5Ti/AZ91 
composite is stronger than that of pure AZ91 alloy, as shown 
in Fig. 9b. High magnification view of the hysteresis loops 
for determining the σu and σr is shown in Fig. 9c. Based on 
the calculation, the HDI stress of the 5Ti/AZ91 composite is 
much higher than the pure AZ91 alloy, as shown in Fig. 9d. 
The HDI stress of the 5Ti/AZ91 composite is about 21 MPa 
higher than the pure AZ91 alloy near the yield point. To trig-
ger yielding in the 5Ti/AZ91 composite, additional external 
stress needs to be supplied [48]. In 5Ti/AZ91 composite, the 
GNDs pile up near Ti-Mg interfacial domain, which induces 
HDI strengthening and hardening, thereby the yield strength 
can be enhanced.

The calculated contribution of back stress to the yield 
strength of 5Ti/AZ91 composite is shown in Fig. 8. The cal-
culated yield strength of 5Ti/AZ91 composite is 209 MPa, 
which is closed to the experimental value (212 MPa), com-
pared with the AZ91 matrix, the increase in strength was 
mainly caused by HDI strengthening and thermal mismatch 
strengthening.

5 � Conclusions

In this study, micron Ti particles are selected as the rein-
forcement, and the yield strength and fracture strength of the 
AZ91 alloy are increased greatly. Microstructure evolution, 
strengthening mechanism, and mechanical properties of Ti/
AZ91 composite were studied. The main conclusions can 
be drawn as follows:

1.	 Ti particles can be deformed plastically during extru-
sion. Discontinuous strip Ti particles reinforced AZ91 
composite can be formed after extrusion.

(8)�HDI =
�u + �r

2
.

Fig. 8   Comparison between experimental and calculated YS of 5Ti/
AZ91 composite
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2.	 The fine precipitated Mg17Al12 phase inhibits DRX 
behavior through Zener pinning effect. The Ti parti-
cles can promote the precipitation of Mg17Al12, and the 
recrystallization completion degree of 5Ti/AZ91 com-
posite was reduced with the addition of Ti particles.

3.	 The yield strength and ultimate tensile strength of 5Ti/
AZ91 composite are 212 MPa and 323 MPa, respec-
tively. Heterogeneous deformation-induced strengthen-
ing mainly contributed to the increment of yield strength 
for 5Ti/AZ91 composite.
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