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A B S T R A C T

Magnesium matrix composites (MMCs) have the advantages of lightweight properties, excellent mechanical 
properties, and biocompatibility. To achieve deformation coordination and high strength-plasticity compatibility 
of MMCs, pure Ti is a good candidate for reinforcement. However, Ti and Mg can neither form solid solution nor 
undergo chemical reactions. This work proposes a new method based on laser melt injection for preparing 
(Ti+Al)p/AZ31 composites using commercial hot-rolled AZ31 as the matrix. Pre-mixed Ti and Al particles, which 
can be quantitatively adjusted, are injected into the laser melting hot-rolled AZ31 matrix. Ti particles are uni
formly distributed in the matrix, and a metallurgical bonding with interfacial precipitates between unmelted Ti 
particles and the matrix is established through the molten Al particles. At the interfaces, Ti/Al3Ti form a coherent 
orientation relationship, while TiMnSi2/Mg2Si and TiMnSi2/Ti are semi-coherent. The results showed that the 
YS, UTS and EL of (Ti+6 wt%Al)p/AZ31 composites were 186.6 MPa, 243.6 MPa and 17.2 %, respectively, which 
were enhanced by 48.2 % and 21.8 % for YS and UTS, compared to AZ31 matrix. Meanwhile, the (Ti+Al)p/AZ31 
composites present better wear resistance than that of the hot-rolled AZ31 matrix. The very fine grains of the 
rapid laser forming process contribute to the excellent comprehensive performance, and the nanoscale pre
cipitates with coherent or semi-coherent interfaces produce strengthening effect.

1. Introduction

With the advantages of lightweight properties, excellent mechanical 
properties, and biocompatibility, magnesium matrix composites 
(MMCs) are the most attractive substitute materials in automobile, 
aerospace, biomedical, and other fields [1–5]. To improve strength and 
wear resistance, ceramic particles such as SiC [6,7], TiC [8,9], B4C [10]
and Al2O3[11] are widely used in MMCs. However, ceramic particles 
have poor deformation characteristics as well as great difference in 
thermal expansion with metal matrix. Besides, interface connection of 
ceramic particles to the metal matrix often tends to be incoherent [12, 
13]. Thus, the application of ceramic particles has a tendency to 

deteriorate the plasticity of MMCs. While metal particles have good 
ductility and the coefficient of thermal expansion (CTE) is relatively less 
different than magnesium (Mg) alloy matrix. Metal particles can achieve 
good deformation coordination by forming a strong metallurgical 
interfacial bond with the substrate, so as to avoid the plasticity deteri
oration of the ceramic particles reinforcement.

With the properties of high strength and ductility, metal particles 
such as Ti [14–17], Ni [18], Cu [19] and Fe [20] can be used to 
strengthen magnesium matrix. With the same hexagonal closepacked 
structure as Mg, Ti particles are easy to achieve deformation coordina
tion, thus being regarded a good candidate for MMCs [21,22]. Yu et al. 
[23] found coherent interfaces between the (101)Ti and (100)Mg, and 
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semi-coherent interfaces between (002)Ti and (002)Mg through 
high-resolution transmission electron microscope (HRTEM). However, 
since Ti and Mg can neither form solid solution nor undergo chemical 
reactions, the direct Ti/Mg interfacial bonding is often weak, and further 
plastic processing is needed to improve the comprehensive performance 
of MMCs. Ye et al. [24] prepared MMCs with added micron-sized Ti 
particles by powder metallurgy, and the nanoscale MgO layer formed 
between the Ti particles and the Mg matrix helped to improve the 
interfacial bond strength. Pu et al. [21] prepared Ti/AZ91 composites 
and identified that the Al element formed the Al3Ti interface layer 
which helps to transfer stresses more efficiently and promotes coordi
nated dislocation motion. Ti particles reinforced MMCs were prepared 
by Ye et al. [25] using hot pressing, resulting in enhanced overall me
chanical properties compared to the AZ31 matrix, attributed to grain 
refinement and strong bonding interface. Grain refinement is effective in 
both enhance the strength and ductility of the Mg alloys, in which the 
increased area of grain boundaries can impede dislocations movement 
and the grain boundaries tend to coordinate mutually during plastic 
deformation [26]. The improvement of the mechanical properties of 
MMCs in several of the above methods was contributed by plasticity 
process. Gui et al.[15] studied the Ti/Mg-RE and showed greater wear 
resistance compared to Mg-RE matrix and tensile strength reaching 
160 MPa. The main reason for the failure to strengthen the mechanical 
properties could be the less strong interfacial bonding between Mg-RE 
and Ti particles. To enhance the strength and wear resistance of Ti 
particles simultaneously, it is essential to further enhance the interfacial 
bonding between the Ti particles and the matrix. In the Ti particles 
reinforced AZ series matrix, Al is easily enriched at the interface of Ti 
particles [24,25]. Based on the Al-Ti [27] binary phase diagram, Al-Ti is 
able to form different kinds of intermetallic compounds, thus a good 
metallurgical interfacial bonding can be formed between Ti and Al [28, 
29]. In Ti particles reinforced Mg-3Al-1Zn composites, TiAl nanolayers 
are formed at the Ti/Mg interface and the misfit between TiAl and Mg 
matrix is low. In addition, many Al2Ti nanoparticles are formed at 
TiAl/Mg interface, and Al2Ti nanoparticles have a semi-coherent lattice 
relationship with TiAl layer and Mg matrix, respectively [24]. These 
Al-containing precipitated phases resulted in strong interfacial bonding 
between the Ti particles and the Mg matrix. Besides, the eutectic reac
tion occurred between Al and Mg at 437◦C [30]. Therefore, Al can not 
only react with Ti and Mg, but also act as a transition element between 
the Mg/Ti interface and promote the formation of a well-formed 
metallurgical interface between Mg and Ti.

Comparison with Al element, the Zn element also has the property of 
reacting with both Mg and Ti. Zhang et al. [31] researched the 
compressive strength and plasticity of Zn-3Mg-1Ti alloys and found that 
the plasticity of Zn-3Mg-1Ti alloys reached only about 8 %, probably 
caused by the presence of the Mg2Zn11 phase. In addition, Cu element 
can also be acted as a binding agent at the Mg-Ti interface to enhance the 
interfacial bonding between Mg and Ti because of its significant solid 
solubility with Ti and Mg. However, the preparation of Mg/Ti/Cu 
composites by powder metallurgy method by Kumar et al. [32] showed 
that the addition of Cu decreases the strength, hardness and wear rate of 
magnesium matrix composites, although it can increase the thermal 
conductivity. Therefore, the Al element is more suitable as a transition 
element between Mg-Ti than the Zn and Cu element.

In this paper, the pre-mixed (Ti+Al)p particles with different mass 
fractions of Al were used as reinforcement particles to be injected into 
the laser molten pool of the hot-rolled AZ31. The Al particles were 
melted in the micro molten pool, served as the interfacial transition 
between Ti particles and the matrix, and promoted the formation of a 
strong metallurgical interfacial bonding. The influence of laser process 
parameters on the microstructure of single pass melt injection layers 
prepared with different mass ratios of Ti and Al mixed particles was 
systematically researched, and (Ti+Al)p/AZ31 composites with uniform 
particle distribution were successfully prepared by exploring the 
preferred process window. The effect of Al particles melted under high 

temperature micro melt pool as a transition element on the interfacial 
reaction between Ti particles and Mg matrix was discussed, and the 
mechanical properties of (Ti+Al)p/AZ31 composites with different mass 
ratios were studied. It was shown that compared to the Mg matrix, the 
(Ti+Al)p/AZ31 MMCs prepared by laser melt injection formed a stron
ger metallurgical interfacial bonding under rapid solidification condi
tion, and achieved strength and plasticity enhancement synergistically.

2. Materials and methods

2.1. Preparation of composite materials

The matrix for the laser melting experiments was a commercial hot- 
rolled AZ31 magnesium alloy with the chemical composition shown in 
Table 1. The pre-mixed particles of spherical Ti (15–53μm) and Al 
(15–53μm) were used as raw materials as shown in Fig. 1. Ti and Al 
mixed particles of different mass fractions were prepared: Ti+ 6 wt%Al, 
Ti+ 13 wt%Al, Ti+ 20 wt%Al, where (Ti+6 wt%Al) indicates that the 
mass fraction of Al particles in (Ti+Al) mixed particles is 6 %, and so on. 
The prepared three groups of composites were (Ti+6 wt%Al)p/AZ31, 
(Ti+13 wt%Al)p/AZ31, and (Ti+20 wt%Al)p/AZ31, which were named 
as T6AC, T13AC, and T20AC, respectively. The EDS images of three 
different proportions of Ti and Al mixed particles after mixing have been 
added to Fig. 1(e, f, g), where red represents Ti particles and green 
represents Al particles. The Ti and Al mixed particles in this study are 
relatively uniformly dispersed, which helps to maintain good mixing 
and flowability of the particles during the laser melting and powder 
feeding process.

The schematic diagram of the experimental platform for this exper
iment is shown in Fig. 2. Fibre lasers propagate a Gaussian beam, and 
KUKA CR-60HA six-axis robot performed the laser scanning. The pre- 
mixed particles of Ti and Al were taken out with inert gas (Ar) and 
injected into the molten pool of the hot-rolled AZ31 through the coaxial 
powder feeding head. In order to reduce the high reflections, the laser 
generator was tilted at 5◦ for the experiments. The experimental pro
cedure in detail is described by our earlier work [15].

2.2. Characterisation and testing

The cross sections of the (Ti+Al)p/AZ31 samples were cut, ground, 
and polished. The microstructure of the samples was analyzed by optical 
microscope (OM, Zeiss Axio Vert.A1) and scanning electron microscope 
(SEM, ZEISS G460, equipped with BRUKER spectrometer). X-ray 
diffractometer (XRD, Empyrean) was used for phase analysis, and the 
diffraction angle range was 30◦-80◦. Using Cu target (Kα) as the radia
tion source, the working voltage is 40 kV, and the scanning step size is 5 
◦/min. The XRD data measured by the instrument was analyzed using 
Jade 6 software and compared with standard PDF cards to determine the 
phase. The interfacial microstructure of the (Ti+Al)p/AZ31 composites 
was further analyzed by transmission electron microscope (TEM, Ther
mofisher Talos F200X, equipped with SuperX G2 energy dispersive 
spectroscopy (EDS)).

The friction and wear test was carried out under the UMT-Tribolab 
friction and wear testing machine with the load of 15 N and the 
sliding speed of 10 mm/s. The operation was performed under the Si3N4 
friction pair for 10 minutes by ball-on-flat mode. TThe abrasion marks 
were observed by Super-Depth-of-Field Microscope (KEYENCE VHX- 
5000). The SHIMADZU AGX V universal testing machine equipped 
with a video extensometer was used for tensile test, and the tensile rate 
was set at 0.3 mm/min. Tensile testing samples are taken from the 

Table 1 
Composition of the commercial hot-rolled AZ31 alloy.

Element Al Zn Mn Si Cu Fe Ni Mg

Percent 2.93 0.82 0.61 0.08 0.01 0.003 0.001 Bal
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composites layer and the hot-rolled AZ31 alloy, and the widths, thick
nesses, and gauge length are about 4 mm, 0.8 mm, and 5 mm, respec
tively. Three groups of samples with three repeats for each group were 
tested to calculate the average values of the YS, UTS and elongation (EL).

3. Results

3.1. Microstructure of the (Ti+Al)p/AZ31 composites

The phases of Mg matrix and composites were analysed by XRD in 
Fig. 3(a) The result shows that the matrix phases of the hot-rolled AZ31 
are α-Mg and β-Mg17Al12, while most of the Ti in the composites did not 

Fig. 1. (a, c) SEM image of Ti and Al particles, (b, d) size distributions of Ti and Al particles, (e-g) EDS images of T6AC, T13AC, T20AC mixed powders respectively.

Fig. 2. (a) Laser melt injection system, (b) schematic diagram of laser melt injection process, (c) schematic diagram of internal flow of molten pool.

Fig. 3. (a) The XRD analysis to hot-rolled AZ31 and composites, (b, c, d) OM morphology of the AZ31 matrix, T6AC and T20AC.
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melt and maintained consistency with the peak of pure Ti, and Al3Ti is 
formed by the reaction of some Ti particles with molten Al particles in 
the laser molten pool. Fig. 3(b) shows the OM morphology of the hot- 
rolled AZ31. Combined with XRD analysis, the dark particles phase in 
hot-rolled AZ31 is identified as β-Mg17Al12. Compared with the hot- 
rolled AZ31, the molten pool grains showed a significant refinement 
as shown in Fig. 3(c). Using ImageJ image processing software, multiple 
line segments were intercepted along the transverse and longitudinal 
directions of the grains presented in Fig. 3(b, c, d), and the magnesium 
grain size was statistically calculated by the truncation method, which 
refined the magnesium grain size from 56.8 μm to 3.3 μm and 6.5 μm.

To study the effect of Al content on the molten pool morphology 
under laser melting conditions., the cross-sectional OM morphology of 
the (Ti+Al)p/AZ31 composites is shown in Fig. 4. It has been confirmed 
by SEM/EDS that the particles in the welds are all unmelted Ti particles, 
indicating that the intermediate Al element of Ti and Mg, with variable 
content, participate in micro melt pool metallurgy. A highly dynamic 
Marangoni flow melt pool with extremely high temperature gradients 

was formed, resulting in the formability of the micro-molten pool 
changing dynamically along the process [33,34]. When the Al content in 
the mixed particles is low, the excess weld metal is low (Fig. 4.a1–a4), 
the primary reason is that most of the Ti particles remained unmelted, 
with only a small portion of Al particles melting and absorbing heat, 
leading to a relatively high temperature in the molten pool system [35]. 
The low excess weld metal is also observed at 20 % Al content (Fig. 4. 
c1–c4), which is mainly due to the reduction in Ti particles into the 
molten pool, and a large quantity of Al particles are melted in the high 
temperature molten pool. The molten pool surface tension reduces with 
increasing Al content [36]. Therefore, when the content of Al is mod
erate (Fig. 4.b1–b4), the prepared T13AC has a relatively uniform Ti 
particle distribution and a good weld morphology. In addition, the area 
ratios of Ti particles in the welds of the T6AC - T20AC fluctuated in the 
range of 10 % - 40 % by calculation of binarization, as shown in Fig. 4
(a1–c4). Further, the most uniform Ti particle distribution in the molten 
pool was shown under 1800 W. Considering also that there is energy 
accumulation in the laser melting process, T6AC multi-pass welds were 

Fig. 4. Microstructure of the (Ti+Al)p/AZ31 composites: (a1–a4) T6AC, (b1–b4) T13AC, (c1–c4) T20AC, (d) T6AC composites multi-pass welds.
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prepared with variable power from 1800 W to 1500 W, as shown in 
Fig. 4(d). The average thickness of the T6AC multipass melt injection 
layer was measured to be 3.62 mm. The single-pass welds were prepared 
and partially resolidified based on an appropriate laser offset in the next 
thermal cycling; thus, large-area multi-pass welds were formed without 
obvious cracks, pores and other defects.

Effects of parameters on melting width, melting depth and excess 
weld metal of the single-pass welds of the (Ti+Al)p/AZ31 composites are 
shown in Fig. 5. As shown in Fig. 5, the (Ti+Al)p/AZ31 composites of 
6 wt% and 20 wt% Al exhibit a similar behavior, which is that the 
molten pool size shows a fluctuating change with the increase of laser 
power. In contrast, the molten pool size of (Ti+Al)p/AZ31 composites 
with 13 wt% Al shows an increasing trend with increasing laser power. 
This different pattern of change is mainly attributed to the modulation of 
the thermodynamic behaviour of the molten pool by the difference in Ti 
and Al content. At low Al content (6 wt%), the high percentage of 
unmelted Ti particles affects the internal thermal conductivity of the 
melt pool; at high Al content (20 wt%), the rapid melting of excess Al 
particles reduces the surface tension of the melt pool, and the above 
factors lead to the breakage of the thermodynamic equilibrium of the 
melt pool with the further increase of power (after 1800 W), with the 
oscillating characteristics of the melt width and melt depth. In contrast, 
the moderate melting of Al particles in (Ti+Al)p/AZ31 composites with 
13 wt% Al reduces the melt surface tension and promotes the stability of 
Marangoni convection, and at the same time, the distribution density of 
unmelted Ti particles maintains the effective heat conduction in the 
molten pool, and therefore, the melt depth and melt width show a linear 
growth trend. The above variation rule of the melt pool is also one of the 
reasons that prompted this study to adopt 1800 W laser power for 
multipass lap welding.

The SEM of T13AC is shown in Fig. 6(a–c). The upper and middle 
parts of the composites are the main channels for heat dissipation, and 
the value of temperature gradient/solidification rate ratio is small [37], 
resulting in a structure mainly consists of equiaxed grains. The molten 
pool bottom is largely influenced by rapid solidification and has a large 
gradient/solidification rate ratio, leading to the formation of columnar 
crystals vertical across the fusion line. The Ti particles did not melt and 
maintained the original spherical shape, while most Al particles reacts 
with Mg to produce a large quantity of Mg17Al12 and some Al elements 
were enriched around the interface of the Ti particles, in Fig. 6(d-i). 
According to the Al-Ti diffusion mechanism, the diffusion coefficient of 
liquid Al in solid Ti (DAl/Ti=2.5 ×10− 13 m2•S− 1) is considerably larger 
compared to the diffusion coefficient of the Ti element in the Al element 
(DTi/Al=4.7 ×10− 17 m2•S− 1) [38], which means that Al atoms can 
diffuse through the reaction layer to Ti layer. Thus, the reaction between 
Ti and Al continues. To study Al elemental diffusion with change in laser 
power, line-scan EDS analysis was used and shown in Fig. 7(a-h). 
Temperature is the most important factor affecting the diffusion rate. As 
the temperature increases, the diffusion rate rises, leading to a higher 
number of vacancies in the metal, which is conducive to the progress of 

diffusion [39,40]. As can be observed from Fig. 7(e–h), Al element 
diffusion zone at the Ti interface increases from 2.5 μm to 4.6 μm as the 
energy increases from 1600 W to 2200 W. The diffusion zone promotes 
the reaction between Al and Ti to improve the metallurgical binding 
strength.

3.2. Interfacial properties

The TEM bright field (BF) images of the interface around the Ti 
particles of (Ti+6 wt%Al)p/AZ31 composite are demonstrated in Fig. 8
(a,b). The distribution of elements on the interface was shown in Fig. 8
(d-h). From the region within dashed line in Fig. 8(a), an Al enriched 
layer with an average thickness of about 34 nm on the side of Ti particles 
can be observed. In Fig. 8(b), a rod-like structure with a size of about 
227 nm × 47 nm is precipitated on the side of Ti particles. The rod-like 
structure is composed of enriched Ti, Mn, and Si. The above results 
indicate that the element diffusion and chemical reactions forming Al-Ti 
and Ti-Mn-Si compounds occurred during the laser melt injection 
process.

For revealing interface integration, phase identification was further 
performed by HRTEM, as shown in Figs. 9 and 10. In Fig. 9(a), a distinct 
interface zone is divided into region I and II. The d1 and d2 spacings 
measured in region I are 0.1362 nm and 0.1166 nm, and in region II are 
0.2568 nm and 0.2250 nm, respectively. The analysis result of diffrac
tion spots at the interface (the inset image in Fig. 9(a, d)) indicates that 
region I and II are Al3Ti and Ti, respectively. Namely, Al3Ti is produced 
at the Al enriched layer in Fig. 8(a). Fig. 9(a) shows that the interfacial 
orientation relationship between Ti and Al3Ti is(110)Ti//(132)Al3Ti 
and[111]Ti//[514]Al3Ti, and a coherent interface is formed between the 
two phases of Al3Ti and Ti. In addition, the lattice fringe images corre
sponding to Al3Ti are obtained by Inverse Fast Fourier Transform (IFFT), 
and the edge dislocation formed by lattice mismatch can be found, as 
shown in Fig. 9(c, f). Meanwhile, Fig. 9(b) corresponds to the HRTEM 
image (region III and IV) of region B of Fig. 8(a). The d1 and d2 spacings 
measured in region III are 0.1637 nm and 0.1506 nm, and in region IV 
are 0.2362 nm and 0.3219 nm, respectively, corresponding to the 
standard values of Mg and Al8Mn5 phase.

Fig. 10(a,d) show the HRTEM images of regions C and D in Fig. 8(b), 
respectively. The diffraction pattern at the interface indicates that the 
regions V and VI are TiMnSi2 and Mg2Si phases, respectively. According 
to Zhang et al.[41], the free energy of Ti-Si is 47 kJ/mol smaller 
compared to that between Al-Si. Therefore, the Si in local region may 
have reacted with Ti in place of Al.

In Fig. 10, the diffraction pattern shows that TiMnSi2 has a favorable 
orientation relationship with Mg2Si and Ti, name
ly,(010)TiMnSi2//(110)Mg2Siand(010)TiMnSi2//(011)Ti. Both the in
terfaces of TiMnSi2/Mg2Si and TiMnSi2/Ti have a semi-coherent 
relationship. In addition, the dislocations distribution can be clearly 
identified through IFFT in Figs. 9 and 10, which means these precipitates 
could participate in deformation coordination during plastic 

Fig. 5. Effects of parameters on melting width, melting depth and excess weld metal of the (Ti+Al)p/AZ31 composites: (a) T6AC, (b) T13AC, (c) T20AC.
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deformation process to enhance the strength of the (Ti+Al)p/AZ31 
composites.

3.3. Mechanical properties

Fig. 11 shows typical tensile engineering stress-strain curves and 
tensile properties of (Ti+Al)p/AZ31 composites and the hot rolled AZ31. 
As shown in Table 2, the T6AC with lower Al content in the mixed 

particles shows excellent comprehensive tensile properties, with the YS 
of 186.6 MPa, UTS of 243.6 MPa, and maintaining a very high EL of 
17.2 %, among which the YS and UTS are 48.2 % and 21.8 % higher 
than those of the hot-rolled AZ31 (125.9 MPa and 200.1 MPa), respec
tively. Comparison of the UTS and EL of the (Ti+Al)p/AZ31 composites 
and other MMCs with typical as-cast microstructure or laser rapid so
lidification microstructure is shown in Fig. 12(a) [15,42–51]. The MMCs 
prepared by traditional methods are hard to achieve high EL and UTS 

Fig. 6. (a-d) SEM of the T13AC composites. (a) upper region, (b) central region, (c) bottom region, (d) local magnification, (e-i) EDS results: (e) synthesis graph of 
elements distribution of Mg, Al, and Mn, (f-i) element distribution of Mg, Al, Ti and Mn respectively.

Fig. 7. EDS line scanning through the Ti particle and its interface in the T13AC composites: (a, e) 1600 W, (b, f) 1800 W, (c, g) 2000 W, (d, h) 2200 W.
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simultaneously. For example, the ZnO/AZ31 composites [51] has a good 
elongation about 20 %, while its UTS is less than 200 MPa; the 
TC4/AZ31 composites [47] obtained a high UTS about 245 MPa, while 
its EL is less than 5 %.

The strain evolution of the hot-rolled AZ31 and T6AC was recorded 
and analyzed by video extensometer to obtain the strain cloud distri
bution in the loading direction. The AZ31 fractured along 90◦ direction 
from the loading direction within the gauge length at 150 s in Fig. 12(b). 
In contrast, the T6AC fractured along 45◦ direction from the loading 
direction within the gauge length at 260 s, which further demonstrates 
the plastic shear characteristics of the (Ti+Al)p/AZ31 composites.

3.4. Wear properties

Fig. 13 displays the curve of coefficient of friction (COF) vs friction 
time. Fig. 13(a, b) show three repeats experiment results of the T6AC 
and T20AC, respectively, from which T6AC presents more stable wear 
process. Fig. 13(c) shows typical curves of COF vs time of the hot-rolled 
AZ31, T6AC, and T20AC. The average COFs of T6AC (0.2103) and 
T20AC (0.2228) are 22.0 % and 17.4 % lower than that of the hot-rolled 
AZ31 (0.2696), respectively. The wear morphology observed by the 
Super-Depth-of-Field Microscope is shown in Fig. 14. It can be found 
that the grinding cracks of the hot-rolled AZ31 and the (Ti+Al)p/AZ31 
composites are U-shaped with the middle lower than both sides, which is 
consistent with the spherical shape of the grinding ball being pressed 
into the samples. From the abrasion curves in Fig. 14(a4, b4, c4), the 

Fig. 8. (a, b) TEM BF images at the interface between Ti particles and the matrix, (c) high-angle annular dark-field (HAADF) image, EDS result of elements dis
tribution at the interface between the Ti particle and the matrix: (d)Mg, (e)Ti, (f)Al, (g)Mn, (h)Si.

Fig. 9. (a-c and d-f): HRTEM, FFT and IFFT of regions ‘A’ and ‘B’ in Fig. 8(a).
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abrasion depths of the hot-rolled AZ31 and (Ti+Al)p/AZ31 composites 
were between 30 and 35 μm and 20–25 μm, respectively, which further 
indicates that (Ti+Al)p/AZ31 composites have excellent wear 
resistance.

Wear morphologies of the composites and the hot-rolled AZ31 were 
further analyzed to confirm the reason for the wear resistance of 
(Ti+Al)p/AZ31 composites being better than the hot-rolled AZ31. As 
shown in Fig. 15(a), after the load application, the grinding ball is easy 
to be pressed into the hot-rolled AZ31 for its relatively soft surface, 
resulting in a lot of parallel furrows and adhesion spalling, and serious 
plastic deformation of the worn surface. In addition, there are the sharp 
tearing angle at the edge of the grinding cracks mainly caused by the 
interaction of periodic positive pressure and tangential shear force of the 
friction progress. Fig. 15(b) shows that the grinding ball still scratches 

the (Ti+Al)p/AZ31 composites layer, but the furrows on the worn sur
face become less and shallower. This is because the unmelted Ti particles 
distributed in the composites layer act as a harder phase, and there is a 
favorable bonding strength between Ti particles and the matrix, which 
partially hinders the friction movement. Moreover, the Ti particles 
hardly peeled off from the matrix to form pits. The above reasons all 
contribute to the resistance of friction movement, thus improving the 
wear resistance of (Ti+Al)p/AZ31 composites.

4. Discussion

4.1. Analysis of interface between Ti particles and the magnesium matrix

According to Section 3.2, a uniform transition interface layer with a 
thickness of about 34 nm of Al3Ti was formed around Ti particles. The 
Gibbs free energy relationship of the Al-Ti phase is AlTi3

>AlTi>Al3Ti>Al5Ti2>Al2Ti [52,53], while the latter two belong to the 
intermediate products. In addition, with a stronger chemical affinity 
between Ti and Al [54], the Al3Ti with the lowest binding energy 
(-1.61 eV) [55] can be generated. In a crystal lattice, the diffusion 
activation energy is related to the binding energy that characterizes the 
atomic binding force [56]. The smaller the binding force, the lower the 

Fig. 10. (a-c and d-f): HRTEM, FFT, and IFFT of regions ‘C’ and ‘D’ in Fig. 8(b).

Fig. 11. (a) Typical tensile curves, (b) Mechanical property statistics of Fig. 11(a).

Table 2 
Tensile properties of the composites and Mg matrix.

Samples YS/MPa UTS/MPa EL/%

Hot-rolled AZ31 matrix 125.9 ± 4.7 200.1 ± 8.2 18.1 ± 1.1
(Ti+6 wt%Al)p/AZ31 186.6 ± 5.4 243.6 ± 5.6 17.2 ± 0.8
(Ti+20 wt%Al)p/AZ31 164.4 ± 4.4 218.2 ± 7.1 14.3 ± 0.6
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diffusion activation energy and the easier the atoms can migrate. 
Therefore, Al3Ti is the most easily formed among the Al-Ti phases with 
the reaction formula of Ti(s) + Al(l) → Al3Ti(s). To further compare the 
reaction mechanism of Al3Ti, the remaining reaction equations of Al-Ti 
intermetallic compounds are as follows: Ti(s) + Al(l) → AlTi3(s), AlTi3(s) 
+ Al(l) → AlTi(s), Al3Ti(s) + Ti(s) → Al5Ti2(s), Ti2Al5(s) + Ti(s) → Al2Ti 

(s). Previous researches have demonstrated that Mg/Al3Ti interface is 
semi-coherent [57,58]; thus, combined with the coherent interface of 
Ti/Al3Ti, the Al3Ti between Ti and the magnesium matrix will play a 
beneficial role in interfacial stress transfer during plastic deformation 
process. According to the Cauchy pressure and Pugh ductility index 
[59], the diffusion reaction layer should not be too thick, otherwise the 

Fig. 12. (a) Comparison of mechanical properties with other MMCs [15,42–51], evolution of strain states of (b) the hot rolled AZ31 and (c)T6AC.

Fig. 13. COF of the hot-rolled AZ31 and series composites: (a) T6AC, (b) T20AC, (c) typical curves.

Fig. 14. Worn surface measured by Super-Depth-of-Field Microscope: (a1–a4) the hot-rolled AZ31, (b1–b4) T6AC, (c1–c4) T20AC.
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interface will break prematurely due to excessive brittleness during 
tensile deformation. Therefore, a thickness of about 34 nm of Al3Ti can 
not only serve as a transition phase to connect Ti and the magnesium 
matrix, but also effectively transfer interfacial stress between them.

As shown in Figs. 9 and 10, the Ti/Al3Ti interface is coherent while 
the TiMnSi2/Mg2Si interface is semi-coherent. Studies pointed out that a 
lattice mismatch with a smaller absolute value would produce a higher 
strengthening effect of coherent strain [60,61]. The lattice mismatches 
of Al3Ti and Ti phases can be calculated byε =

⃒
⃒1 − αAl3Ti/αTi

⃒
⃒×

100%[62], and the result ofεis 8.3 %, whereαis the lattice parameters of 
the phases. Meanwhile, theεbetween TiMnSi2 and Mg2Si is calculated as 
4.6 % byε =

⃒
⃒1 − αTiMnSi2/αMg2Si

⃒
⃒× 100%. Therefore, Al3Ti has small 

lattice mismatches with Ti particles, and lattice mismatches also exist 
between TiMnSi2 rod-like phases precipitated from Ti particle side and 
Mg2Si precipitated from AZ31 side.

The above precipitated phases become a bridge connecting coherent 
and semi-coherent interfaces with Ti and the matrix, forming a strong 
metallurgical interfacial bonding, and would have a pinning effect with 
dislocations, thus strengthening the matrix to achieve excellent 
comprehensive performance.

4.2. Strengthening mechanisms of the (Ti+Al)p/AZ31 composites

The refined AZ31 grains, Ti particles as well as their coherent and/or 
semi-coherent interfaces contribute to coordination in severe plastic 
deformation. Consequently, a large number of small ductile dimples 
emerged in the fracture, and Ti particles were completely or partially 
wrapped by the AZ31 matrix and no microcracks were detected, as 
shown in Fig. 16, which coincides with the plastic shear characteristics 
of fracturing at 45◦ of the (Ti+Al)p/AZ31 composites in Fig. 12(c). As 
shown in Fig. 16(b-c), the large number of dimples of the AZ31 matrix 
and the complete or partial wrapping of Ti particles in the AZ31 matrix 
indicate that the interfacial bonding between the Ti particles and the 
AZ31 matrix is stronger than that of the AZ31 matrix. The strong 
metallurgical interfacial bonding formed in the laser melt pool con
tributes to the increase of tensile strength, and the fracture character
istics of the (Ti+Al)p/AZ31 composites indicate that the damage of the 

composites is mainly in plastic fracture mode.
The main strengthening mechanisms of MMCs include fine grain 

strengtheningΔσH− P, load transfer strengtheningΔσLoad, and thermal 
mismatch strengtheningΔσCTE, which are calculated with reference 
values, as shown in Table 3. Under the condition of laser rapid solidi
fication, the addition of large amount of Ti particles makes the AZ31 
matrix achieve significant grain refinement, thus improving the YS of 
the composites. According to the Hall-Petch formula (1) [63], the value 
of fine grain strengtheningΔσH− Pcan be calculated as 48.9 MPa and 
28.3 MPa for T6AC and T20AC: 

ΔσH− P = K(d− 1/2
AZ31 − d− 1/2

Ti ) (1) 

When the load was applied on the composites, the shear stress was 
transferred from the AZ31 matrix to the surrounding Ti particles, and 
the increase of YS by load transfer can be calculated by formula (2) [24], 
and the results are 9.4 MPa and 6.3 MPa for T6AC and T20AC com
posites, respectively: 

ΔσLoad = 0.5VpσM (2) 

The strengthening of thermal mismatch on YS can be calculated by 
formula (3)[64], and the results are 15.9 MPa and 12.6 MPa for the 
T6ACand T20AC composites, respectively: 

ΔσCTE =
̅̅̅
3

√
βGMb

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
12VpΔTΔC
(1 − Vp)bdTi

√

(3) 

Therefore, the theoretical YS increase of the (Ti+Al)p/AZ31 can be 
expressed by formula (4): 

Δσ = ΔσH− P +ΔσLoad +ΔσCTE (4) 

According to the calculation results, fine grain strengthening is the 
main strengthening mechanism. In the toughening mechanism of 

Fig. 15. SEM wear morphology of (a) hot-rolled AZ31, (b) (Ti+Al)p/ 
AZ31 composites.

Fig. 16. Typical fracture characteristics of (Ti+Al)p/AZ31 composites: (a) overview, (b) fracture morphology of completely and partially wrapped Ti particles, (c,d) 
dimples around completely wrapped Ti particles.

Table 3 
Parameters for calculating the above equation.

Parameter Description Value Reference/Comment

K Hall-Patch coefficient of 
AZ31

0.13 MPa•m1/2 [21]

dAZ31 Average grain size of 
AZ31

3.3 μm and 6.5 
μm

calculated

dTi Average particle size of 
Ti

32.9 μm calculated

Vp Volume fraction of 
particles

15 % and 10 % calculated for T6AC, 
T20AC

β Constant 1.25 [65]
b Magnitude of Burgers 

Vector
3.2 × 10− 10 m [65]

GM The shear modulus of 
AZ31

18 GPa [66]

ΔT Tsolidus temperature - Troom 

temperature

472 K calculated

ΔC CTE of (AZ31 - Ti) (26.5–9.4)μm/ 
m•K

calculated
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(Ti+Al)p/AZ31 composite material, fine grain strengthening accounts 
for the main contribution, with the fine grain strengthening values of 
T6AC and T20AC accounting for 65.9 % and 60.0 % of the theoretical 
yield strength increase, respectively. Fine grain strengthening improves 
the plasticity and toughness of materials through a dual effect: on the 
one hand, high melting point Ti particles act as the core of heteroge
neous nucleation during the initial solidification stage, promoting the 
nucleation of α-Mg phase; On the other hand, another issue is that Ti 
particles are located at the forefront of the solid-liquid interface during 
the solidification process, hindering grain growth. Therefore, refining 
the matrix grains is an essential step in the preparation process of 
composite materials.The theoreticalΔσvalues of T6AC and T20AC are 
74.2 MPa and 47.2 MPa, respectively, while the experimental values of 
YS increase were 60.7 MPa and 38.5 MPa, respectively. There is a small 
deviation between the theoretical and experimental values because the 
theoretical model is considered that all the reinforcements are evenly 
dispersed in the molten pool. But actually there are imperfect local 
uniformity exists in multi-pass welds of the (Ti+Al)p/AZ31 composites, 
which may reduce the effect of strengthening mechanism.

5. Conclusions

Al particles acted as the intermediate of Ti and Mg and improved the 
interface bonding and comprehensive performance of (Ti+Al)p/AZ31. 
This research proposes a new solution for the further design and appli
cation of MMCs. The main conclusions are as follows:

(1) Under appropriate laser melt injection process conditions, large- 
area (Ti+Al)p/AZ31 composites were well formed with no microscopic 
defects.

(2) Al particles of adjustable mass fraction acted as the intermediate 
of Ti and Mg and participated in the micro molten pool metallurgical 
reaction to form the transitional Al3Ti layer with an average thickness of 
about 34 nm and a series of interfacial precipitates. These coherent Ti/ 
Al3Ti interface and semi-coherent TiMnSi2/Mg2Si and TiMnSi2/Ti in
terfaces bridged the Ti particles and Mg to form a strong metallurgical 
interfacial bonding as well as participate in deformation coordination.

(3) (Ti+6 wt%Al)p/AZ31 composites show excellent comprehensive 
tensile mechanical properties with YS, UTS, and EL reaching 186.6 MPa, 
243.6 MPa, and 17.2 %, respectively, The YS and UTS are respectively 
48.2 % and 21.8 % higher than those of the hot-rolled AZ31. The fine 
grain strengthening, load transfer strengthening, and thermal mismatch 
strengthening, each contributes 48.9 MPa, 9.4 MPa, and 15.9 MPa to 
the YS increasement, respectively, resulting in typical plastic fracture 
along 45◦ direction from the loading direction, and lots of dimples as 
well as Ti particles wrapped by the AZ31 matrix in the fracture.

(4) Compared with the hot-rolled AZ31, the (Ti+Al)p/AZ31 com
posites have better wear resistance, a more stable wear process, a lower 
COF, as well as less and shallower furrows on the worn surface. The main 
reasons are that the unmelted Ti particles distributed within the molten 
pool are a harder phase, which hinders the frictional movement as well 
as the peeling off of the Ti particles.
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