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A B S T R A C T

In this study, defect-free and crack-free TiCp/AZ31 composite coatings with a high TiC volume fraction (30–40 
vol%) were successfully fabricated. The influence of the high ceramic volume fraction on the properties of these 
coatings was systematically investigated. The results reveal that a laser energy density of 40–60 W/mm2 induces 
minimal dissolution of TiC particles in the molten pool, ensuring essential metallurgical reactions between the 
magnesium matrix and TiC. This process facilitates the formation of a semi-coherent interface between Mg and 
TiC while effectively suppressing the generation of defects such as porosity and cracks in the molten pool. As the 
TiC volume fraction increases, the microhardness of the TiCp/AZ31 composite reaches 485 HV, representing a 
remarkable 766 % enhancement compared to the AZ31 matrix. Concurrently, the wear rate decreases by up to 
74 % relative to the AZ31 matrix. The incorporation of TiC shifts the dominant wear mechanism of the mag
nesium matrix composite from adhesive wear to mild abrasive wear. The significant improvement in the wear 
resistance of the TiCp/AZ31 composite coatings holds promise for providing a novel solution for the application 
of magnesium alloys in lightweight, wear-resistant composite materials.

1. Introduction

Magnesium alloys represent the lightest structural metallic materials 
for engineering applications; however, their insufficient hardness and 
wear resistance severely restrict broad applications in mechanical 
transmission systems, including gears, bearings, cams, and sliding 
guides [1–3]. Under frictional conditions, the soft magnesium matrix is 
prone to adhesive wear and thermal melting-induced wear from fric
tional heating, leading to rapid failure [4]. A critical challenge lies in 
effectively enhancing microhardness, wear and thermal resistance 
without compromising mechanical properties like yield strength. 
Particle-reinforced magnesium matrix composites have emerged as a 
viable approach for comprehensive performance enhancement, typi
cally utilizing metallic or ceramic reinforcements. Metallic particles 
such as Ti [5], Al [6], and Li [7] effectively enhance strength-ductility 
synergy in magnesium matrix composites, yet their limited microhard
ness provides marginal wear rate reduction (typically <30 %) [8–10]. In 

the study by Ye et al. [8], Tip/AZ31 composites with 3–9 wt% 
(approximately 1.2–3.7 vol%) Ti particles were prepared via ultrasonic- 
assisted stir casting combined with hot extrusion. The composite con
taining 6 wt% Ti particles (~2.4 vol%) exhibited optimal performance, 
showing a 15 % increase in tensile strength and a 24 % improvement in 
elongation compared to the monolithic AZ31 alloy, while achieving a 
modest 5 % reduction in wear rate. In contrast, ceramic reinforcements 
including WC [11], TiN [12] SiC [13], and TiC [14–16] have proven 
more effective in simultaneously improving microhardness and wear 
resistance. TiC exhibits superior microhardness (~3100 HV) compared 
to other ceramic particles including WC (~2400 HV), TiN (~2100 HV), 
and SiC (~2500 HV), demonstrating distinct advantages for wear- 
resistant applications.

Furthermore, TiC possesses a melting point of approximately 
3100 ◦C, which is significantly higher than that of most ceramic particles 
such as Al2O3 and SiC. This high melting point allows TiC to more 
effectively withstand the thermal effects generated during friction and 
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wear. In a comparative study, Sahoo and Panigrahi [17] examined the 
wear morphology of TiC/AZ91 composites and the AZ91 matrix under 
conditions of high load (50 N) and high sliding speed (2 m/s). The AZ91 
matrix exhibited substantial surface melting due to the accumulation of 
frictional heat, accompanied by evident features of adhesive tearing and 
oxidative spalling. In contrast, the TiC/AZ91 composite, benefiting from 
the high thermal stability and elevated melting point of TiC particles, 
effectively suppressed matrix softening. The worn surface of the com
posite showed only mild abrasive scratches and shallow pits, without 
significant signs of melting-related damage. On the other hand, 
compared to WC/Mg (8 %) [18], TiB2/Mg (8.3 %) [19], and TiN/Mg 
(5.9 %) [20], TiC/Mg demonstrates a lower lattice mismatch (4.9 %) 
[21], which effectively reduces interfacial stress concentration and 
minimizes defect formation at the TiC/Mg interface, thereby enhancing 
interfacial bonding strength and load transfer efficiency. Combining 
these advantages, TiC is recognized as an ideal ceramic reinforcement 
for improving wear resistance in magnesium matrix composites. These 
combined advantages establish TiC as an ideal ceramic reinforcement 
for developing high-performance wear-resistant magnesium matrix 
composites.

The preparation methods for TiC particle-reinforced composites 
mainly include techniques such as mechanical stirring combined with 
self-propagating high-temperature synthesis (SHS). For instance, Xiu 
et al. [22] used this method to obtain TiCp/AZ91 composites containing 
5–15 wt% (approximately 1.9–6.1 vol%) TiC particles. The composite 
containing 15 wt% (approximately 6.1 vol%) TiC showed a reduction in 
wear volume of about 33 % compared with the AZ91 matrix. Wang [23] 
prepared TiC/Al-Cu3.7-Mg1.3 composites via 48-h mechanical ball mill
ing of Al–Cu3.7-Mg1.3 alloy powder, Ti powder, and carbon nanotubes, 
followed by hot-press assisted hot extrusion. The 15 vol% TiC-reinforced 
composite demonstrated a 91 % microhardness enhancement and 37 % 
wear volume decrease compared to the matrix. Balraj [24] fabricated 
TiC/Mg composites via friction stir processing (FSP), achieving ~33 % 
lower wear rate than pure Mg. However, conventional methods face 
inherent limitations: powder metallurgy is constrained to small-scale 
production with prolonged ball milling requirements. Mechanical stir
ring and friction-based approaches often struggle with inhomogeneous 
particle distribution. In contrast, laser cladding has emerged as a 
promising alternative, enabling superior metallurgical bonding, precise 
process control, and rapid prototyping through pre-deposition or molten 
injection strategies [25,26]. Yang et al. [25] employed low-power 
pulsed laser cladding to apply a (Ti + B4C) powder mixture onto 
AZ91D magnesium alloy, using a mass ratio of 5:1 and a total powder 
loading of 10–20 wt% (approximately 4.8–10.2 vol%). A TiC coating 
was formed in situ during the process. As the amount of mixed powder 
increased, the coating exhibited improvements in both microhardness 
and wear resistance by >50 %. Similarly, Pi et al. [26] applied TiC 
powder onto the surface of AZ31 using laser cladding, forming TiC- 
reinforced composite coatings with TiC contents ranging from 10 to 
30 wt% (approximately 3.8–13.3 vol%). The coating with 30 wt% 
(approximately 13.3 vol%) TiC showed more than a 3.5-fold increase in 
microhardness compared to the AZ31 substrate.

Previous studies have demonstrated that high-volume-fraction 
ceramic particles offer significant advantages in enhancing the micro
hardness and wear resistance of coatings. For example, Li et al. [27] 
prepared TiC/Ni composites with 20–60 vol% TiC via direct laser 
fabrication (DLF), showing that 60 vol% TiC/Ni reduced wear volume 
by 63 % compared to 20 vol% TiC/Ni. Similarly, Chen et al. [28] re
ported a 73 % increase in hardness for 80 vol% TiC/H13 composites 
versus 30 vol% TiC/H13 via laser cladding. However, current research 
on laser melt-injected ceramic particle-reinforced magnesium matrix 
composites highlights a critical issue: TiC volume fractions in magne
sium matrices are generally limited (<30 vol%) [25,26] compared to 
TiC-reinforced metallic systems such as TiC/Ni and TiC/Fe. This is pri
marily attributed to the significant coefficient of thermal expansion 
(CTE) mismatch between ceramic particles and magnesium alloys, the 

low melting point of magnesium alloys (~650 ◦C), and their high 
oxidation tendency, which exacerbate interfacial stress concentration 
and cracking risk at high ceramic contents (>30 vol%). For instance, 
Ghosh et al. [29] investigated the effect of SiC particle volume fraction 
on Al–4.5Cu–3 Mg metal matrix composites prepared by direct metal 
laser sintering (DMLS), finding that 30 vol% SiC increased microhard
ness by ~130 % compared to 10 vol% SiC. However, the CTE mismatch 
between SiC (7.4 × 10− 6/K) and the Al matrix (26 × 10− 6/K), combined 
with local stress concentration from particle agglomeration at high 
volume fractions, hinders effective load transfer to SiC particles, 
reducing the composite's load-bearing capacity. Therefore, further 
research is needed to develop crack-free and defect-free high-volume- 
fraction TiCp/AZ31 coatings to overcome these process and interfacial 
bonding challenges.

This study prepared high-volume-fraction TiCp/AZ31 coating by 
directly injecting spherical TiC particles into a high-temperature micro 
molten pool of hot-rolled AZ31 magnesium substrate via laser melt in
jection. Through precisely regulated inert gas shielding and synergistic 
control of laser parameters, powder feeding, and laser-powder in
teractions, rational thermal management of melt pool temperature and 
solidification rate was achieved, effectively mitigating defects such as 
cracks and porosity. Systematic investigations were conducted on the 
correlation between TiC particle distribution in weld overlays and laser 
processing parameters. The work further analyzed the interface char
acteristics between unmelted high-melting-point TiC particles and the 
AZ31 matrix, elucidating their formation mechanisms. Additionally, the 
influence mechanisms of high particle loading on wear resistance in 
TiCp/AZ31 coating were comprehensively discussed, establishing 
process-structure-property relationships critical for high-performance 
coating design.

2. Materials and methods

The commercial hot-rolled AZ31 magnesium alloy substrate was 
purchased from Beijing Global Jinxin International Technology Co., 
Ltd., with its chemical composition shown in Table 1. The spherical TiC 
particles were provided by Hunan Huawei Aerospace Special Materials 
Co., Ltd., with a particle size range of 15–53 μm. The scanning electron 
microscope (SEM) image and particle size distribution of the TiC parti
cles are shown in Fig. 1. The detailed experimental procedure is as fol
lows: TiCp/AZ31 coatings were prepared using a 4 kW IPG YSL-4000 
fiber laser. The initial 3 mm diameter laser beam was focused onto the 
surface of the AZ31 magnesium alloy substrate through an optical sys
tem. The spherical TiC particles were delivered by a dual-cylinder 
powder feeder, carried by argon gas through four separate channels, 
converging coaxially with the laser beam before entering the molten 
pool. The movement of the laser melt injection system was precisely 
controlled by a KUKA KRC4 robot. During the experiment, the number 
of TiC particles in the channel was precisely controlled by adjusting the 
carrier gas flow rate and the rotation speed of the feeding disc. Coaxial 
protection argon gas with a flow rate of 10 L/min was used to effectively 
suppress oxidation in the molten pool, ensuring the accuracy and sta
bility of the experiment [30]. The TiCp/AZ31 coating material prepared 
by multi-pass large-area overlap was calculated according to the laser 
volumetric energy density formula E = P / DV [31] (where P is the laser 
power (W), D is the laser spot diameter (mm), and V is the laser scanning 
speed (mm/s)), with values of 40 W/mm2 (1800 W/15 mm/s), 50 W/ 
mm2 (1500 W/10 mm/s), and 60 W/mm2 (900 W/5 mm/s), respec
tively, and they were named E1, E2, and E3.

The cross-sections of the laser melt injection welds were cut, ground, 

Table 1 
Composition of the commercial hot-rolled AZ31 alloy (wt%).

Elements Al Zn Mn Si Cu Fe Ni Mg
Content 2.93 0.82 0.61 0.08 0.01 0.003 0.001 Bal.
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and polished for analysis. The microstructures of the samples were 
examined using an optical microscope (OM, Leica DM2700M) and a 
scanning electron microscope (Zeiss G460) equipped with a Bruker en
ergy spectrometer. Performed using a Panalytical Empyrean X-ray 
diffractometer (Malvern Panalytical, The Netherlands). The instrument 
was operated with Cu Kα radiation at a tube voltage of 40 kV. XRD 
patterns were collected over a 2θ range of 30◦ to 80◦ at a scanning rate of 
5◦/min. The acquired diffraction data were analyzed using Jade 6 
software and cross-referenced with standard PDF cards for phase iden
tification. A Ga focused ion beam (FIB) scanning electron microscope 
(Thermo Scientific Scios 2) was used to prepare FIB–transmission elec
tron microscopy (TEM) samples. The interfacial microstructure of the 
TiCp/AZ31 coating was further characterized using a transmission 
electron microscopy (TEM, Thermo Fisher Talos F200X) equipped with 
an energy-dispersive X-ray spectrometer (EDS, SuperX G2142). Micro
hardness testing was conducted using a digital microhardness tester 
(HV-1000STA, Weiyi). The main test parameters were as follows: the 
indentation load was 200 gf, the loading time was 15 s, and the holding 
time was 15 s. Microhardness measurements were performed at 10 
evenly spaced points along the same horizontal plane of the laser melt 
injection layer. The test area was divided into the following regions. Line 
A was located at 20 % of the total depth from the coating surface, rep
resenting the upper region. Line B was positioned at 50 % of the total 

depth, representing the microhardness characteristics of the central re
gion. Line C was near the fusion line, marking the boundary between the 
TiC-melted layer and the AZ31 matrix. Line D was located on the AZ31 
substrate, away from the heat-affected zone. Frictional wear testing was 
performed using a UMT-Tribolab frictional wear tester under the 
following conditions: an applied load of 20 N, a sliding speed of 10 mm/ 
s, and a contact duration of 30 min in the presence of an Si3N4 friction 
ball. The worn surfaces of the samples were analyzed using a three- 
dimensional (3D) optical profiler (Micro1100, Raphael Optech) and a 
scanning electron microscope.

3. Results and analysis

3.1. Microstructure of TiCp/AZ31 coating

To investigate the effect of different laser energy densities on the 
forming quality of the melt-injected layer of TiCp/AZ31 coating mate
rials, the OM morphology of the cladding cross-section of TiCp/AZ31 
coating was observed as shown in Fig. 2. As the laser energy density 
increased from 40 W/mm2 (E1) to 60 W/mm2 (E3), significant changes 
in the molten pool morphology were observed: the molten pool width 
increased from 1247.8 μm (E1) to 1662.8 μm (E3), and the molten depth 
increased from 240.0 μm to 357.6 μm. The increase in energy density 

Fig. 1. (a, b) SEM images of TiC particles; (c) particle-size distribution of TiC particles.

Fig. 2. Cross-sectional microstructure of the TiCp/AZ31 coating welds: (a) E1 single pass; (b) E2 single pass; (c) E3 single pass; (d) forming coefficient of TiCp/AZ31 
melt-injected layers at different laser energy densities.
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significantly enhanced the thermal input and expanded the melting re
gion. Meanwhile, the results from binary thresholding calculations 
indicated that the volume fraction of TiC particles increased from 31.9 % 
(E1) to 39.2 % (E3) (as shown in the insets of Fig. 2(a–c)). The higher 
particle fraction at E3 could be attributed to the Marangoni convection 
[32], which promotes the lateral migration of particles under high en
ergy density conditions.

As shown in Fig. 3(a–c), the TiCp/AZ31 coating exhibits uniform 
surface particle distribution, with binarization analysis confirming 53 
vol% TiC content in the upper layer (Fig. 3a1). Fig. 3(d) displays the OM 
morphology of multi-pass overlapping deposition, where specimens E1- 
E2-E3 demonstrate 30–40 vol% TiC fractions. Magnesium's low melting 
point and thermal accumulation effects during multi-pass processing 
significantly influence subsequent pool formation through residual heat 
transfer from prior tracks. Adjacent weld tracks undergo remelting- 
resolidification cycles under thermal cycling, necessitating strict con
trol of pool stability for large-area fabrication. This study implemented 
adaptive power modulation (900 W–700 W) during multi-pass deposi
tion, effectively mitigating pool collapse and crack formation from 
excessive temperatures. The controlled energy input maintained optimal 

solid-liquid interfacial energy balance, achieving continuous metallur
gical bonding between successive tracks while preserving TiC distribu
tion homogeneity across the deposited area.

As shown in Fig. 4, the effect of the laser energy density on the 
average grain size of the AZ31 matrix within the TiCp/AZ31 coating was 
investigated. Grain-size statistics obtained using the intercept method 
indicated that the average grain size of α-Mg in the E1, E2, and E3 welds 
was significantly reduced from ~90 μm in the hot-rolled AZ31 matrix to 
~9.5, ~7.5, and ~ 5.0 μm, respectively, as the laser energy density 
increased. This phenomenon is attributed to the rapid solidification ef
fect under appropriate laser energy density conditions. The rapid heat
ing and cooling process of laser melt injection inhibits grain growth. In 
addition, the TiC particles, as high-melting-point reinforcements, may 
have served as heterogeneous nucleation sites for the α-Mg phase during 
solidification, thereby promoting grain refinement [33]. After solidifi
cation, the pinning effect of TiC particles on grain boundaries further 
hinders grain growth. Consequently, the α-Mg grains in the TiCp/AZ31 
coating were significantly refined.

As shown in Fig. 5(a), the laser melt injection TiCp/AZ31 layer had 
good coating formation quality The TiC particles retained their initial 

Fig. 3. OM images showing the morphologies of (a–c) particle distribution characteristics on the horizontal plane; (a1) corresponding binarized processed image of 
(a); (d) multi-pass lap weld.

Fig. 4. OM images showing the morphologies of (a, e) hot-rolled AZ31, (b, f) E1, (c, g) E2, and (d, h) E3.
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shape within the weld without signs of decomposition. Elemental 
mapping via EDS was employed to compare the distribution character
istics of Mg, Al, Ti, and C in the laser-cladded layer (Fig. 5c–f). Mg was 
found to be uniformly dispersed within the matrix, while Ti was 
concentrated within the TiC particles, indicating a well-confined intra- 
particle distribution. These observations suggest that no significant 
diffusion occurred for Mg and Ti during the cladding process. Although 
the quantitative accuracy of EDS for light elements is limited by its 
detection principles, Al and C exhibited relatively pronounced spatial 
fluctuations within the melt pool (Fig. 5d–f), in contrast to the stable 
distribution of Mg and Ti. The lattice mismatch between TiC and Al is 

only 5.9 % [33], and the resulting low interfacial energy may thermo
dynamically favor the ordered enrichment of Al atoms at low-energy 
sites along the TiC/Al interface. Additionally, considering the high 
thermal input during the laser cladding process, there appears to be a 
trend of C diffusing into the AZ31 matrix. However, to clarify whether Al 
and C undergo significant diffusion and to elucidate their diffusion 
mechanisms, further high-resolution TEM-EELS characterization is 
needed.

Fig. 5. SEM and EDS analysis of TiCp/AZ31 coating: (a) SEM image; (b) EDS elemental distribution overlay; (c–f) elemental distributions of Mg, Al, Ti, and C.

Fig. 6. XRD patterns of TiCp/AZ31 coating prepared under different laser energy densities.
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3.2. XRD analysis of TiCp/AZ31 coating

The X-ray diffraction (XRD) phase analysis of the hot-rolled AZ31 
matrix and TiCp/AZ31 coating prepared under different laser energy 
conditions is shown in Fig. 6.The AZ31 matrix consisted of α-Mg (ICCD, 
PDF#35-0821) with a small amount of β-Mg17Al12 (PDF#73-1148). 
After the injection of TiC particles into the high-temperature micro- 
molten pool under laser irradiation, the XRD patterns of the TiCp/AZ31 
coating exhibited only the diffraction peaks of α-Mg, β-Mg17Al12, and 
pure TiC (ICCD, PDF#32-1382), with no obvious Ti or C peaks. XRD 
analysis did not reveal any characteristic diffraction peaks correspond
ing to free carbon (e.g., C, PDF#06-0675) or newly formed carbides. 
Combined with the localized carbon diffusion trend observed in the EDS 
mapping (Fig. 5f), this indirectly indicates that the extent of carbon 
diffusion was limited and insufficient to induce new phase formation or 
free carbon precipitation. Further characterization of the interfacial 
microstructure between TiC particles and the Mg matrix via TEM is 
required.

3.3. Interface bonding of TiCp/AZ31 coating

Fig. 7(a)–(c) shows the FIB cutting process of TiCp/AZ31 coating 
using a Ga FIB. Fig. 7(d) and (e) presents TEM bright-field (BF) images of 
the TiC particle–AZ31 matrix interface, and Fig. 7(f)–(j) presents the 
elemental distributions at a typical interface. As shown in Fig. 7(e), a C- 
enriched layer with an average thickness of approximately 22 nm exis
ted at the interface between Mg and TiC particles. Adjacent to this layer 
was an Al-enriched layer with an average thickness of approximately 5 
nm. No significant enrichment of Ti was detected. These findings are 
explained as follows: (i) The diffusion activation energy (Ea) of C in TiC1- 

y is 39.5 kJ/mol (~0.4 eV/atom) [34], which is far lower than that of Ti 
(~7.65 eV/atom) [35] at the same temperature; i.e., C atoms require 
only a small kinetic energy to overcome the lattice potential barrier and 
migrate. In this study, the thermal energy from the high-energy laser 
beam during the laser melt injection process provided the activation 
energy for C diffusion. Even though the temperature of the molten pool 
is far lower than the melting point of TiC, C atoms can acquire sufficient 
thermal energy to drive diffusion. (ii) C diffusion can occur through C 
vacancies within TiC. TiC contains up to 50 % C vacancies, resulting in a 
C diffusion rate approximately 104 times that of Ti [36]. Therefore, 
under the high-temperature conditions of the laser melt injection pool, C 
from TiC preferentially diffuses to the interface between α-Mg and TiC, 

forming a C-enriched layer. The above results indicate that elemental 
diffusion occurs during laser melt injection, and potential chemical re
actions may lead to the formation of Mg–C and Al-C-Ti compounds.

To further analyze the interfacial phases between Mg and TiC, high- 
resolution TEM (HRTEM) was employed. As shown in Fig. 8(a) and (b), 
regions I and II corresponded to C-rich transition layers formed between 
Mg and TiC. In Fig. 8(c), region III, located on the AZ31 side, was 
identified as Mg and Mg2C3 phases through fast Fourier transform (FFT) 
analysis (Fig. 8d) and diffraction-spot patterns (Fig. 8e). The corre
sponding d1 and d2 values were 0.524 and 0.272 nm, respectively, for 
Mg and 0.235 and 0.252 nm, respectively, for Mg2C3. The partial 
overlap of diffraction spots between Mg and Mg2C3 suggests a degree of 
lattice matching, indicating the presence of a semi-coherent orientation 
relationship between the two phases [37]. In addition, as shown in Fig. 8
(f), the lattice fringes corresponding to Mg2C3 revealed the presence of 
edge dislocations caused by lattice misalignment. The formation of edge 
dislocations may be attributed to stress concentrations induced by the 
significant mismatch in thermal expansion coefficients and lattice pa
rameters between Mg and TiC, as well as the intrinsic driving force of the 
interfacial system to minimize its energy. These factors act synergisti
cally to promote the development of high-density dislocation structures 
at the interface, thereby facilitating the accommodation of local stresses. 
With regard to stress relief mechanisms, Gao et al. [38] proposed that 
under specific thermomechanical processing conditions: such as slow 
cooling rates combined with intermediate temperature holding stages 
and interfacial stresses may be effectively relaxed via a heterogeneous 
recrystallization mechanism. This process favors grain boundary 
migration and the nucleation and growth of new grains. In contrast, the 
laser remelting process adopted in this study is characterized by an 
extremely high cooling rate. Coupled with the high thermal conductivity 
of the magnesium alloy substrate, the molten pool rapidly solidifies to 
room temperature within a very short time. These conditions severely 
inhibit atomic diffusion and grain boundary mobility, making it difficult 
to meet the critical time-temperature requirements for recrystallization. 
Consequently, no typical recrystallization features, such as equiaxed 
grains or recrystallization twins, were observed in the experiment. 
Instead, dislocation tangles were clearly observed near the TiC/Mg 
interface (see Fig. 8f), indicating that under the rapid solidification 
conditions employed in this study, interfacial stress is primarily released 
through dislocation-mediated localized plastic deformation rather than 
thermally activated recrystallization. Therefore, stress relaxation occurs 
via dislocation evolution rather than phase transformation, further 

Fig. 7. (a, b) FIB-cut morphology of the interface between TiC particles and the Mg matrix; (c–e) BF images of the interface; (f–j) EDS mapping of elements at the 
interface: (f) Mg, (g) Al, (h) Ti, (i) C, and (j) Zn.
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substantiating the mechanistic basis for the formation of edge disloca
tions. The dislocations release localized stress via slip, reducing the 
overall interfacial energy and maintaining the stability of the parti
cle–matrix interface. FFT analysis of region IV in Fig. 8(c) indicates that 
the C layer had an amorphous ring pattern. The measured d1 and d2 
values in region V (Fig. 8g) were 0.272 and 0.212 nm, respectively. 
Diffraction-spot analysis (Fig. 8h) confirmed that this phase corre
sponded to nanoscale Al2Ti4C2, indicating that Al2Ti4C2 formed at the C- 
enriched interface between Mg and TiC. This suggests that Ti from TiC 
and Al from the AZ31 Mg alloy underwent diffusion, which promoted 
the formation of the ternary compound Al2Ti4C2 in the C-enriched re
gion. In Fig. 8(c), the d1 and d2 values in region VI, measured in Fig. 8(j), 

are both 0.219 nm, corresponding to the standard lattice spacing of the 
TiC phase.

3.4. Mechanical properties

Fig. 9 shows the microhardness gradient of TiCp/AZ31 coating from 
the surface to the substrate under different laser volumetric energy 
densities. Compared with the AZ31 matrix (~55 HV), the microhardness 
of the laser melt injection layer increased significantly with an increase 
in the laser volumetric energy density. For E1, E2, and E3, it reached 
maximum values of 415.7, 436.8, and 458.7 HV, respectively. The 
remarkable enhancement in microhardness of the TiCp/AZ31 coating 

Fig. 8. (a–c) TEM images showing the morphology of the TiC particle–Mg matrix interface; the FFT result of the carbon layer in region m of (c) is shown in region IV; 
(d–f) HRTEM, FFT, and IFFT results for the Mg side; (g–i) HRTEM, FFT, and IFFT results for the region to the left of the carbon layer; (j–l) HRTEM, FFT, and IFFT 
results for the TiC region.

Z. Gui et al.                                                                                                                                                                                                                                      Surface & Coatings Technology 513 (2025) 132466 

7 



(766 % higher than the matrix) is ascribed to the synergistic effect of 
strong interfacial bonding between high-volume-fraction TiC particles 
and the magnesium alloy matrix, grain refinement strengthening 
induced by rapid laser solidification, and residual compressive stress 
generated by laser processing. TiC particles (hardness ~3100 HV) ach
ieve strong bonding with the matrix via low lattice mismatch (4.9 %) 
with Mg and the formation of nanoscale Mg2C3 transition layers and 
semi-coherent interfaces during laser melt injection, not only enabling 
efficient external load transfer but also hindering dislocation motion 
through the Orowan mechanism [39]. Rapid laser solidification refines 
the AZ31 matrix grains from 90 μm in the hot-rolled state to 5 μm, 
significantly increasing the grain boundary area and substantially 
improving the material's plastic deformation resistance via the Hall- 
Petch effect [40]. Furthermore, appropriate heat input in the multi- 
track overlapping process of laser melt injection promotes a dynamic 
equilibrium of stress evolution [41]. Rational heat input resets the stress 
state through remelting, enhancing hardness by altering dislocation 

motion resistance. This significant positive correlation between residual 
compressive stress and microhardness further reinforces the deforma
tion resistance of the coating via stress concentration effects in the fine- 
grained regions. To visually represent the microhardness gradient dis
tribution of the TiCp/AZ31 coating, the measured microhardness values 
were plotted as microhardness contour maps, as shown in Fig. 9(c), (f), 
and (i). In these diagrams, high-hardness regions are represented in red, 
and the matrix appears in blue.

The test results of the coefficient of friction (COF), wear volume, and 
wear rate for hot-rolled AZ31 and TiCp/AZ31 coatings processed at 
different laser energy densities are shown in Fig. 10. As depicted in 
Fig. 10(a), the COF of AZ31 fluctuates periodically between 0.31 and 
0.38 throughout the 0–1800 s testing period. By contrast, the TiCp/AZ31 
coatings exhibit a COF of approximately 0.55, with almost no fluctua
tion after 1200 s, indicating a more stable wear stage. Fig. 10(b) and (c) 
shows that the wear volume and wear rate of TiCp/AZ31 coatings are 
significantly lower than those of the hot-rolled AZ31 matrix. 

Fig. 9. Microhardness test locations, measurement results, and microhardness contour maps for TiCp/AZ31 coating: (a–c) E1; (d–f) E2; (g–i) E3.

Fig. 10. (a) COF; (b) wear volume; (c) wear rate of the AZ31 matrix and TiCp/AZ31 coating.
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Specifically, the wear volume and wear rate of TiCp/AZ31 coatings 
prepared at different laser energy densities are reduced by 71.7 %, 73.7 
%, and 75.6 %, and 72.3 %, 73.4 %, and 73.9 %, respectively. Fig. 11
illustrates the 3D morphology of the worn surface and its corresponding 
cross-sectional profiles. The width of the wear track decreases with 
increasing laser energy density. Compared with the hot-rolled AZ31 
matrix, the maximum reductions in the width and depth of the wear 
track for TiCp/AZ31 coatings are 42.6 % and 95.6 %, respectively.

To investigate the differences in friction-wear mechanisms between 
TiCp/AZ31 coating and AZ31 matrix, SEM observations were conducted 
on their respective worn surfaces. As shown in Fig. 12(a,e), the AZ31 
matrix exhibited large torn edges, wide wear tracks (1726.8 μm), and 
parallel grooves caused by severe plastic deformation. The EDS point 
analysis results of the fragment particles in Fig. 12(e) show that their 
main compositions are Mg (~73.1 %) and O (~25.6 %). Although EDS 
has some errors in the quantitative analysis of light elements such as 
oxygen, combining the observed typical flake morphology characteris
tics and the fact that the AZ31 matrix is prone to oxide formation under 
dry sliding conditions, we speculate that Mg-type products may have 
been generated during the wear process. This phenomenon suggests that 
oxidative wear and adhesive wear may dominate the wear mechanism of 
AZ31 matrix.

As evident from Fig. 12(b–d), the TiCp/AZ31 coatings showed 
significantly narrowed wear tracks compared to AZ31, with wear track 
width further reduced to 949.3 μm as TiC volume fraction increased. 

This improvement is attributed to stress dispersion by high TiC content 
during friction-wear processes, preventing localized overloading. Fig. 12
(f–h) reveals shallower grooves in the coatings versus the matrix, with 
partial TiC particle fracture but no detachment. The strong metallurgical 
bonding between Mg and Mg2C3 through semi-coherent orientation re
lationships not only enhances interfacial strength but also improves 
coating hardness via the hard Mg2C3 phase (Fig. 8(d–f)). Although 
fragmented TiC particles act as third-body abrasives, their detrimental 
effects are outweighed by the coating's superior microhardness and 
interfacial bonding, resulting in a wear mechanism transition to mild 
abrasive wear and oxidative wear.

The apparent contradiction that the composite coating exhibits an 
increased coefficient of friction (COF, ΔCOF≈0.15) but a 75.6 % 
reduction in wear rate essentially reveals the nonlinear correlation be
tween COF and wear resistance. As a quantitative parameter of 
tangential resistance during contact surface motion (μ = Ff / FN), the 
dynamic evolution of COF (e.g., initial fluctuation, stable plateau, and 
late-stage mutation) reflects the interfacial interaction process rather 
than directly mapping wear resistance. For instance, low COF may 
exacerbate wear: Ji et al. [42] prepared MoS₂ coatings on iron substrates 
and found that increasing MoS₂ content reduced COF via lubricating 
transfer film formation and transition from two-body to three-body 
wear, but the low hardness of MoS₂ weakened the matrix strength and 
aggravated wear. Conversely, high COF can inhibit material loss due to 
hard phase support or strong interfacial bonding, as seen in this study 

Fig. 11. 3D morphology of worn surfaces and the corresponding cross-sectional profiles for the AZ31 matrix and TiCp/AZ31 coating: (a) AZ31R; (b) E1; (c) E2; 
(d) E3.

Fig. 12. SEM images of worn surfaces: (a, e) hot-rolled AZ31; (b, f) E1; (c, g) E2; (d, h) E3.
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where the TiCp/AZ31 coating shows higher COF than the AZ31 matrix 
but significantly lower wear rate. From the perspective of the compos
ite's friction-wear process, as shown in Fig. 13(a–b), preferential wear of 
the soft AZ31 matrix at the initial stage creates a significant interfacial 
height difference between TiC particles and the matrix, causing the 
friction pair to contact hard TiC particles preferentially, which elevates 
COF while protecting the matrix. With prolonged wear, repeated im
pacts from the friction pair induce local brittle fracture of TiC particles, 
generating submicron irregular debris (Fig. 13(b–c)). These fragmented 
TiC particles may act as third-body abrasives, scratching the coating 
surface and causing COF fluctuations. At the advanced wear stage, the 
fragmented TiC particles mechanically interlock with the Mg matrix, 

stabilizing COF and blocking direct contact between the friction pair and 
matrix, thereby reducing wear loss (Fig. 13(c–d)).

Fig. 14(a) presents a typical engineering stress–strain curve of the 

Fig. 13. Schematic of the sliding wear mechanism of the TiCp/AZ31 coating.

Fig. 14. (a) TiCp/AZ31 coating fabricated under different laser volumetric energy densities; (b) comparison of the tensile properties of TiCp/AZ31 coating with data 
from other studies [15,43–52].

Table 2 
Tensile properties of TiCp/AZ31 coating and hot-rolled AZ31.

Samples YS/MPa UTS/MPa EL/%

E1 80.3 ± 2.2 195.5 ± 4.7 4.8 ± 0.9
E2 

E3
77.8 ± 3.1 
80.4 ± 2.9

188.3 ± 5.1 
197.3 ± 3.9

6.0 ± 1.1 
6.1 ± 1.2
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TiCp/AZ31 coating. As shown in Table 2, with increasing laser volu
metric energy density, the TiCp/AZ31 coating had excellent overall 
tensile properties, with a yield strength (YS) of approximately 80.4 MPa, 
an ultimate tensile strength (UTS) of approximately 197.3 MPa, and an 
elongation (EL) of approximately 6.1 %. As shown in Fig. 12(b) 
[15,43–52], the UTS and EL of TiCp/AZ31 coating were compared with 
those of other metal–matrix coating featuring either typical as-cast mi
crostructures or those formed through laser rapid solidification. 
Although the TiC/Mg-4Zn-0.5Ca coating [43], which was fabricated via 
mechanical stirring followed by extrusion molding, achieved an EL of 
approximately 7.8 %, the agglomeration of TiC particles led to a rela
tively low UTS of only 147 MPa. This highlights the difficulty of 
simultaneously achieving both high tensile strength and good elonga
tion. In contrast, in the present study, TiCp/AZ31 coating with a uniform 
distribution of TiC particles and strong metallurgical bonding at the TiC/ 
matrix interface were produced by optimizing the laser processing pa
rameters and powder feeding techniques. As a result, the coating had 
superior overall mechanical properties.

As shown in Fig. 15(a), the overall fracture morphology revealed the 
presence of tear ridges and dimples, along with a small number of 
dispersed circular pores. These features indicated significant plastic 
deformation of the AZ31 matrix during fracture which is a key charac
teristic of transgranular fracture. As shown in Fig. 15(b), the fracture 
surface of the coating contained pull-out cavities of TiC particles and 
fractured TiC particles. The presence of fractured TiC particles 
confirmed that the TiC/matrix interface maintained strong metallurgical 
bonding during tensile loading, allowing the interface to withstand high 
tensile stress. As shown in Fig. 15(c)–(f), Mg alloy surrounded the TiC 
particles, and dimples formed by matrix tearing were observed on the 
particle surfaces. This suggests that the TiC/AZ31 interface effectively 
transferred load during tensile deformation. The results provide addi
tional evidence of the excellent metallurgical bonding between the 
reinforcing TiC particles and the AZ31 matrix in the coating.

4. Conclusions

This study investigated the influence of high ceramic volume fraction 

on the properties of TiCp/AZ31 composite coatings fabricated via laser 
melt injection (LMI). The results indicate that optimized laser processing 
parameters (40–60 W/mm2) ensured the necessary metallurgical reac
tion between the magnesium matrix and TiC particles while simulta
neously suppressing the formation of defects and cracks. The rapid 
solidification induced by the laser at this energy density range refined 
the AZ31 matrix grains from 90 μm (as-rolled state) to 5 μm. Further
more, nano-scale Mg2C3 precipitates and a carbon-rich layer facilitated 
the formation of a semicoherent interface between TiC and the magne
sium matrix. With increasing TiC volume fraction, the microhardness of 
the TiCp/AZ31 composites reached 485 HV, representing a 766 % 
enhancement (or a 7.6-fold increase) compared to the matrix. Addi
tionally, the wear rate decreased by up to 74 % relative to the AZ31 
substrate. Consequently, the incorporation of TiC transformed the 
dominant wear mechanism of the magnesium matrix composites from 
adhesive wear to mild abrasive wear. The significant improvement in 
the wear resistance of the TiCp/AZ31 composite coatings holds promise 
for providing a novel solution for the application of magnesium alloys in 
lightweight, wear-resistant composite materials.
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