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ARTICLE INFO ABSTRACT

Keywords: In the field of magnesium matrix composites (MMCs), achieving concurrent enhancements in hardness and
Ultrasonic Vibration-Compression strength without compromising ductility remains a significant challenge. The utilization of Ti particles as rein-
Tip/AZ31 forcement phase, which exhibit superior strength and ductility compared to the magnesium (Mg) matrix, fa-

Interface Evolution

X - cilitates coordinated deformation behavior between Ti particles and the Mg matrix during plastic deformation
Deformation Coordination

processes. In this study, ultrasonic vibration-compression (UC) treatment was applied to laser melt injected Ti,/
AZ31 composites. The UC process effectively promoted interfacial phase evolution at Ti/Mg interfaces, estab-
lishing robust metallurgical bonding characterized by semi-coherent orientation relationship between Mg and
TiAl, intermetallic compounds at these interfaces. Experimental results demonstrated that under optimized UC
parameters (compressive load: 1.5 kN; duration: 10 min), the Ti,/AZ31-UC composite achieved yield strength
(YS) of 239.1 MPa and ultimate tensile strength (UTS) of 284.7 MPa, representing enhancements of 46.2 % and
32.9 % respectively compared to the untreated Ti,/AZ31 composite, and increases of 281.3 % and 98.9 %
relative to the AZ31 matrix, while maintaining a high elongation (EL) of 9.1 %, thereby demonstrating excep-
tional comprehensive mechanical properties. Concurrently, the Ti,/AZ31-UC composite microhardness (100.5
HV) exhibited substantial improvements of 123.3 % and 13.7 % compared to the AZ31 matrix (~45 HV) and
untreated Ti,/AZ31 composite (88.4 HV), respectively. These superior comprehensive mechanical properties are
predominantly attributed to UC-induced grain refinement and nanoscale interfacial precipitate strengthening.

1. Introduction

Magnesium alloys, recognized as the lightest structural metallic
materials, have garnered extensive attention in aerospace, automotive,
and defense industries owing to their exceptional combination of low
density, high specific strength, high specific stiffness and excellent wear
resistance [1-5]. However, the limited mechanical properties and
hardness of magnesium and its alloys restrict broader engineering ap-
plications [6-8]. In improving the performance of magnesium alloys,
significant advancements have been made in plastic processing and
surface treatments [9,10]. While plasticity processing methods can
improve tensile strength, their effectiveness in microhardness
improvement remains limited, often accompanied by drastic reductions
in elongation [11-13]. Conventional surface treatments (e.g., micro-arc
oxidation, electroless plating) have proven inadequate to effectively
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improve microhardness and mechanical properties due to weak inter-
facial adhesion between the coating and the Mg matrix, frequently
resulting in premature coating delamination or crack propagation under
service conditions [14,15]. Consequently, fabricating
particle-reinforced magnesium matrix composites (MMCs) and opti-
mizing the particle-matrix interfacial characteristics have emerged as a
scientifically validated strategy for concurrent enhancement of micro-
hardness and mechanical properties [16,17]. Ceramic reinforcement
particles such as TiC [18,19], SiC [20,21], and Al,03[22], despite their
high hardness, high wear resistance and excellent thermal stability,
often induce severe ductility degradation in MMCs due to their intrinsic
non-deformability during plastic strain [23,24]. In contrast, metallic
reinforcement particles (e.g., Ti, Ni, and Cu), due to their good plasticity
and hardness, can enhance the mechanical properties of the magnesium
matrix while maintaining its good ductility [25-27].
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Fig. 1. (a, b) SEM images of Ti particles; (c) Ti particle size distribution.

Further, Ti exhibits particular advantages as an Mg matrix rein-
forcement that Ti does not react with Mg to form intermetallics, and
both share a hexagonal close-packed crystal structure. Meanwhile, Ti’s
exceptional intrinsic ductility enables active participation in coordi-
nated deformation with the Mg matrix, effectively mitigating the severe
ductility loss commonly observed in ceramic-reinforced MMCs [28].
Dinaharan et al. [29] fabricated Ti particle-reinforced MMCs via friction
stir processing, achieving a ultimate tensile strength (UTS) of 283 MPa
(20.1 % improvement over the 226 MPa matrix) but with reduced
elongation (EL) of 9.4 %. Gui et al. [17] developed Ti particle-reinforced
Mg-RE (Ti,/Mg-RE) composites through laser melt injection. While the
microhardness of Ti,/Mg-RE composites increased by 100 % compared
to the Mg-RE matrix, the tensile properties deteriorated significantly
(UTS: ~160 MPa; EL: ~5 %), primarily due to insufficient interfacial
bonding strength between Mg-RE and Ti particles. Ultrasonic
vibration-compression  (UC), an emerging non-conventional
manufacturing technique, has demonstrated remarkable capabilities in
microstructural modification and comprehensive mechanical properties
enhancement. Xu et al. [30] implemented ultrasonic vibration

compression on AZ91 alloy, which induced grain refinement. The
treated alloy exhibited a microhardness of 97.2 HV, marking a 37.7 %
enhancement over the untreated counterpart. Shao et al. [31] reported
that UC treatment on 2A10 aluminum alloy significantly enhanced
microhardness from 103 HV to 123 HV, with a 19.42 % improvement. Li
et al.[32] applied UC treatment to carbon-doped CoCrNi
medium-entropy alloys, achieving UTS and EL of 950 MPa and 36.5 %,
respectively, which were 28.3 % and 53.3 % higher than the original
state (740 MPa and 23.8 %). Long et al. [33] implemented UC treatment
on AlCoCrFeNiy ; high-entropy alloys, realizing simultaneous improve-
ments of 17 % and 54 % in UTS and EL, respectively. Current research
predominantly focuses on particle-reinforced metal matrix composites
as a primary strategy for material performance enhancement [34,35].
However, single-process approaches exhibit limitations in concurrently
enhancing microhardness and mechanical properties. Therefore,
exploring the preparation of Ti particle-reinforced AZ31 magnesium
matrix composites via laser melt injection followed by ultrasonic
vibration-compression is essential for achieving synergistic performance
improvements.
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Fig. 2. (a, b) Schematic diagram of UC experimental setup; (c) Sample schematic diagram; (b1) Fixture configuration with sample positioning.
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Fig. 3. OM morphology of the cross-sections: (a) As-cast AZ31 matrix; (b) Ti,/AZ31 composite; (c) Ti,/AZ31-UC-1.5kN-10min composite.

This study fabricated Ti,/AZ31 composites via laser melt injection,
followed by 20 kHz ultrasonic vibration-compression treatment. The
effects of different UC parameters on Ti particle distribution character-
istics and Ti/Mg interfacial evolution and interaction mechanism were
systematically investigated, with particular emphasis on the analyses of
deformation coordination mechanisms and the elucidation on micro-
hardness and mechanical strengthening mechanisms. Experimental re-
sults indicate that UC treatment establishes superior metallurgical
bonding in Tip/AZ31-UC composites, achieving concurrent enhance-
ments in microhardness and tensile strength while maintaining ductility.

2. Materials and methods
2.1. Preparation of composite materials

Commercial as-cast AZ31 alloy was used as the matrix, reinforced
with spherical Ti particles (diameter: 15-53 pm). The scanning electron
microscopy (SEM) morphology and particle size distribution of Ti par-
ticles are presented in Fig. 1. Laser melt injection was performed using
an IPG YSL-4000 fiber laser system (spot diameter: 3 mm), with scan-
ning trajectories controlled by a KUKA KR-60HA six-axis robotic arm. To
mitigate energy losses caused by Mg alloy’s high reflectivity, the laser
nozzle was tilted at 5° relative to the matrix surface, with experimental
details provided in prior work [17].

2.2. Ultrasonic vibration-compression experiments

UC experiments were conducted at ambient temperature using a
custom-designed ultrasonic system, as illustrated in Fig. 2(a, b). The

Upper region

Central region
7 ) >

>

Original state

1.5kN 10min

operational principle involves sequential energy conversion: electrical
signals are transformed into mechanical vibrations via ultrasonic
transducer, amplified to specific amplitudes through stepped amplitude
transformer (step-ampl. transformer), and subsequently transmitted to
samples as combined vibratory and compressive loads via a UC tool
head’s indentation stroke. Non-standard tensile samples with di-
mensions of 11 mm (total length) x 4 mm (width) x 3 mm (thickness)
and a 5 mm gauge length were designed for UC processing. Sample
positioning within the UC fixture and schematic are provided in Fig. 2
(b1) and 2(c), respectively. UC parameters were configured as follows:
vibration frequency 20 kHz, amplitude 20 pm, and the Ti,/AZ31 com-
posite was loaded at a rate of 50 N/s to the set pressure load. Experi-
ments investigated compressive loads of 1.0 kN and 1.5 kN (~ 60 MPa,
i.e., equivalent to the yield strength of as-cast AZ31) with UC treatment
durations of 5, 10, and 20 minutes, in order to investigate the effects of
different pressure loads and times on the comprehensive performance of
the materials. Triplicate samples were prepared per parameter set to
ensure statistical reliability. Material designations were assigned as: Ti,/
AZ31 (untreated) and Ti,/AZ31-UC (UC-treated).

2.3. Properties and performance test of the materials

Pre- and post-UC samples were sectioned, ground, and polished for
microstructural characterization using optical microscopy (OM: Leica
DM2700M) and scanning electron microscopy (SEM: ZEISS GeminiSEM
460 equipped with BRUKER energy-dispersive X-ray spectroscopy
(EDS)). Electron backscatter diffraction (EBSD: FEI Verios 5UC) analysis
was conducted on the XOY plane (defined in Fig. 2(c)) for crystallo-
graphic orientation mapping to characterize the microstructure

Fig. 4. SEM images of the upper, middle and lower regions of the coating: (a-d) Ti,/AZ31 composite; (e-h) Ti,/AZ31-UC-1.5kN-10min composite.
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Fig. 5. TEM analysis of Ti,/AZ31 composite: (a-d) High-angle annular dark-field (HAADF) images and EDS elemental distribution at Ti/Mg interface; (e-h) HRTEM,
diffraction spots and IFFT at the interface; (i-j) Bright-field (BF), HAADF image and EDS elemental distribution on the Mg side of Ti,/AZ31 composite, respectively.

evolution of the samples. Ga-focused ion beam (FIB: Thermo Scientific
Scios 2) was employed to prepare transmission electron microscopy
(TEM) samples, with subsequent analysis on the interface of the Ti,/
AZ31 composite for elemental mapping performed via TEM (Thermo
Fisher Talos F200X, equipped with SuperX G2 EDS). Uniaxial tensile
testing was performed using a SHIMADZU AG-XV universal testing
machine integrated with a video extensometer at a strain rate of
0.3 mm/min. Tensile specimens were extracted from the Tip/AZ31
composite region marked in Fig. 2(c). The excess AZ31 matrix was
removed via mechanical grinding, resulting in specimens with a thick-
ness of 1 mm and a gauge length of 5 mm. Mechanical properties, i.e.,
yield strength (YS), UTS, and EL, were determined as arithmetic means
from triplicate tests. Vickers microhardness measurements (Veiyee HV-
1000STA) were conducted at 200 g load with 10 s dwell time on the
coating cross-sections of the Ti,/AZ31 composites pre- and post-UC
treatment. The testing zones were categorized into four regions: upper
coating (top 20 % of the coating thickness, labeled as line "A"), mid-
coating (50 % depth, line "B"), fusion line (line "C"), and as-cast AZ31
matrix (150 pm from line C, line "D"). Five replicate measurement tests
were performed in each zone to calculate the mean values and standard
deviations.

3. Results
3.1. Microstructure of the Ti,/AZ31 composites

Fig. 3 presents the cross-sectional OM morphologies of the as-cast
AZ31 matrix and the Ti,/AZ31 composites pre- and post-UC treat-
ment. As shown in Fig. 3(a), statistical analysis using the linear intercept
method reveals that the as-cast AZ31 matrix exhibits an average grain
size of approximately 300 pm. A comparative analysis of Fig. 3(b) and
(c) demonstrates that the coating thickness of the Ti,/AZ31-UC com-
posite (~720 pm) is reduced by 2.7 % compared to the Ti,/AZ31 com-
posite (~740 pm). Furthermore, the Ti particles in the Ti,/AZ31-UC
composite exhibit a significantly denser distribution. Concurrently, a
substantial number of twins are observed in the matrix post-UC treat-
ment, as illustrated in Fig. 3(c1). This twinning phenomenon originates
from stress concentration during UC-induced plastic deformation of the
Mg matrix. Due to the limited activation of slip systems in the Mg matrix,
localized stress concentrations in certain regions induce twin nucleation
[36]. Additionally, UC treatment reduces the twin saturation threshold,
thereby promoting twin nucleation at lower strains [37].

Fig. 4 presents SEM-based Ti particle distributions in upper, middle,
and lower Tip/AZ31 composite regions pre- and post-UC treatment. As
shown in Fig. 4(a-c, e-g), a variation in the distribution of Ti particles of
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Fig. 6. (a, b) FIB-prepared samples of the interface between Ti particles and the Mg matrix in the Ti/AZ31-UC- 1.5kN-10min composite; (c) BF-TEM image; (d)

HAADF image; (e-h) EDS elemental maps.

different sizes was observed in the untreated coating, with smaller
particles exhibiting a relatively higher density. In contrast, the Tiy/
AZ31-UC composite displays a more homogeneous and denser Ti par-
ticle distribution post-UC treatment. This indicates that UC treatment
effectively improves Ti particle homogeneity and enhances micro-
structural densification in the coating. From Fig. 4(c-d, g-h), it is evident
that the precipitated phases in both the composite coating and matrix
are significantly reduced post-UC treatment compared to the pre-UC
state. Binarization analysis reveals that the average area fraction of Ti
particles in the Ti,/AZ31 composite is approximately 60.0 % (see insets
in Fig. 4(a-c)), whereas this value increases to 68.7 % in the Ti,/AZ31-
UC composite (insets in Fig. 4(e-g)). Further, regional variations in Ti
particle area fraction are observed within the Ti,/AZ31-UC composite.
The upper, middle, and lower regions exhibit Ti area fractions of 75.2 %,
69.1 %, and 61.5 %, respectively, forming a gradient composite coating
structure with natural transitions. This gradient structure is attributed to
higher ultrasonic energy density at the upper region due to direct tool
head contact, generating axial pressure gradients during UC processing.

3.2. Characterization of interfacial bonding

Fig. 5(a) presents the TEM morphology of the Ti,/AZ31 composite
sectioned via FIB, with elemental distributions at the Ti particle/Mg
interface shown in Fig. 5(b-d). The results reveal slight Al enrichment at
the Ti particle interface, where Al diffuses from the Mg side toward Ti
particles, forming Al-Ti intermetallic compounds. As demonstrated in
Fig. 5(e-h), high-resolution transmission electron microscopy (HRTEM)
phase identification confirms the presence of Al-Ti phases with
measured d-spacings d1 = 2.91 A and d2 = 1.97 A. Diffraction pattern
analysis compared with standard cards identifies these as TizAl phases.
Fig. 5(i-j) show TEM microstructure on the Mg side of the Ti,/AZ31
composite, revealing sparse dislocation distributions. EDS mapping in
Fig. 5(k-n) confirms that the precipitated phases in the Mg side of the
coating contain Al and Mn elements.

Fig. 6 displays the TEM morphology and elemental distributions at
the interface of the Ti,/AZ31-UC-1.5kN-10min composite sectioned by
FIB. From the white dashed region in Fig. 6(c), an Al and Mn-enriched

layer with an average thickness of ~75 nm is observed surrounding Ti
particles. EDS results indicate enhanced elemental diffusion during UC
treatment, generating more abundant and homogeneously distributed
Al-Ti and Mn-Ti intermetallic compounds.

To elucidate UC effects on Ti/Mg interfaces, HRTEM phase identi-
fication was conducted. As shown in Fig. 7(a) (Region A in Fig. 6(d)) at
the interface, diffraction analysis identifies TiAly, amorphous Mn-Ti
phase, and Mg matrix at the interface, suggesting that Al and Mn
enrichment layers at the Ti/Mg interface reacted with Ti to form TiAly
and amorphous Mn-Ti phases. Fig. 7(b) reveals a semi-coherent interface
orientation relationship between TiAl, and Mg: (311)TiAl//(111)Mg,
[233]TiAl,//[231]Mg. Measured d-spacings are dl1=2.368 A and
d2 =1.456 A for TiAly, and d1 =2.459 A and d2 =1.913 A for Mg.
Meanwhile, Fig. 7(d) (Region B in Fig. 6(d)) shows Ti phase with
identical interplanar spacing of 2.064 A. Fig. 7(g-0) demonstrate that
the Mg side of the Ti,/AZ31-UC-1.5kN-10min composite exhibits
significantly higher dislocation density compared to the pre-UC state
(Fig. 5(i,))). EDS mapping in Fig. 7(i-]) identifies Al and Mn in precipi-
tated phases, with HRTEM diffraction confirming these as AlgMns
phases. Additionally, a comparative analysis of Fig. 5(k) and 7(i) in-
dicates that the AlgMns precipitates transitioned from elongated rod-like
and dot-like morphologies to blocky forms post-UC treatment, accom-
panied by a transformation from clustered to dispersed distribution, as
corroborated by the observations in Fig. 4(d) and (h). Owing to the
inherent brittleness of AlgMns phases, their extensive aggregation may
serve as preferential sites for crack initiation during tensile deformation,
thereby degrading the strength of the Ti,/AZ31 composite. In contrast,
the homogeneous dispersion of AlgMns phases post-UC impedes crack
propagation, thereby contributing to enhanced mechanical properties.

3.3. Mechanical properties

Fig. 8 presents the tensile stress-strain curves of the Ti,/AZ31 and
Tip/AZ31-UC composites. As shown in Fig. 8(a, b) and Table 1, the YS
and UTS of the as-prepared Ti,/AZ31 composite were 163.5 MPa and
214.2 MPa, respectively, prior to UC treatment. After UC treatment, the
mechanical properties of the Ti,/AZ31-UC composite were significantly
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Fig. 7. (a-c, d-f) HRTEM images, diffraction spots, and FFT patterns corresponding to regions A and B in Fig. 5(d); (g-1) BF-TEM image, HAADF image, and EDS
elemental distribution maps of the Mg side in the Ti,/AZ31-UC-1.5kN-10min composite; (m-o) BF-TEM image, HRTEM, and diffraction spots of Figure (i).
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Fig. 8. (a) Engineering stress-strain curves; (b) Tensile properties pre- and post-UC treatment; (c, d) Strain distribution evolution and macroscale fracture sur-

face images.

Table 1

Tensile properties of Ti,/AZ31 and Ti,/AZ31-UC composites.
Samples YS / MPa UTS / MPa EL /%
As-Cast AZ31 62.7 + 4.1 143.1 + 3.8 23.2+ 26
Tip/AZ31 163.5 + 3.4 214.24+ 4.3 11.2+0.6
Tip/AZ31-1.0 kN—10min 183.2+12.1 233.1 +£15.7 9.6 £ 0.6
Tip/AZ31-1.5 KN—5min 202.7 +10.6 271.6 + 5.7 6.9+ 1.6
Tip/AZ31-1.5 kKN—10min 239.1+7.4 284.7 £ 6.3 9.1+21
Tip/AZ31-1.5 kN—20min 191.5+11.3 254.24+3.9 81+05

improved. The Ti,/AZ31-UC-1.5kN-10min composite exhibited optimal
performance, with YS and UTS reaching 239.1 MPa and 284.7 MPa,
respectively, which were 46.2 % and 32.9 % higher than those of the
Tip/AZ31 composite, and 281.3 % and 98.9 % higher than those of the
as-cast AZ31 matrix, respectively, while maintaining a relatively high EL
(9.1 %). The strain evolution of the Ti,/AZ31 and Ti,/AZ31-UC com-
posites during tensile deformation was monitored using a video exten-
someter. The strain distributions along the loading direction are
illustrated in Figs. 8(c) and 8(d), respectively. For the Ti,/AZ31 com-
posite, stress concentration occurred at approximately 90s during
plastic deformation. Subsequent stress accumulation led to preferential
microcrack formation and propagation within this region, culminating
in fracture at about 120 s. In contrast, the Ti,/AZ31-UC-1.5kN-10min
composite fractured at about 90 s. Fractographic analysis revealed that
both untreated and UC-treated Ti,/AZ31 composites exhibited shear
failure along 45° relative to the loading direction. Generally, normal
fracture at 90° to the loading direction is indicative of brittle fracture,
whereas shear fracture at 45° to the loading direction corresponds to
plastic shear fracture[38]. The angular relationship between fracture
orientation and loading direction thus confirms the plastic shear char-
acteristics of the Ti,/AZ31 composite.

To further investigate the tensile strength and ductility mechanisms
of Ti,/AZ31 composites pre- and post-UC treatment, fracture surface
characteristics were examined via SEM. As illustrated in Fig. 9(a-c), the
fracture behavior of as-cast AZ31 matrix is dominated by transgranular
fracture with minor cleavage features. The fracture surface exhibits
smooth and parallel cleavage steps, accompanied by localized shallow
dimples and tear ridges. Fig. 9(d-f) and (g-i) display the fracture mor-
phologies of Ti,/AZ31 and Ti,/AZ31-UC-1.5kN-10min composites,
respectively. Microcracks were observed at Ti/Mg interfaces in the
fracture of Tip/AZ31 composite, whereas the fracture of Ti,/AZ31-UC
composite exhibited Mg matrix partially or fully encapsulating Ti par-
ticles, with extensive dimple formation resulting from pronounced
plastic deformation. This mechanical behavior originates from the
following mechanisms: (i) In the UC-treated coating, the Mg matrix
preferentially undergoes plastic deformation during tensile loading,
forming characteristic dimples; (ii) Concurrently, the established semi-
coherent interfacial orientation relationship between TiAl, and Mg fa-
cilitates efficient load transfer across the interface, enabling stress

transmission from the Mg side to Ti particles; (iii) The high-strength and
ductile Ti particles effectively share applied loads through elastic
deformation, achieving coordinated deformation with the interfacial
structure. Notably, some Ti particles undergo coordinated deformation,
transitioning from elastic to plastic deformation until fracture occurs, as
evidenced in Fig. 9(j-i); (iv) Furthermore, the UC process optimizes Ti
particle distribution, achieving a more homogeneous and denser dis-
tribution. The synergistic interaction between interfacial load transfer
and reinforced Ti particle deformation results in extensive dimple for-
mation within the Mg matrix of Ti,/AZ31-UC fracture surfaces, signifi-
cantly enhancing strength while maintaining high elongation. EDS line
scan analysis was performed across fractured Ti particles in the tensile
fracture surface of the Ti,/AZ31-UC-1.5kN-10min composite. As shown
in Fig. 9(1), significant Al and Mn elemental enrichment was detected
surrounding the Ti particles. This observation aligns with the TEM
interfacial characterization results in Fig. 7, where the Al and Mn-
enriched zones at Ti/Mg interfaces correspond to the formation of
deformation-transferable TiAl, phases and amorphous Mn-Ti phases
that enable coordinated deformation. During tensile deformation, the
Mg matrix initially undergoes plastic deformation, while the semi-
coherent TiAl, phase formed at the Ti/Mg interface facilitates load
transfer from the Mg side to the Ti particles. As deformation progresses,
the grains within the Ti particles deform elastically in coordination with
the Mg matrix. When the localized stress exceeds the critical resolved
shear stress of Ti grains, the Ti particles undergo localized plastic
deformation, ultimately leading to the fracture of the Ti particles. In
summary, the UC treatment enhances the comprehensive mechanical
properties of the Ti,/AZ31-UC composite by promoting a more homo-
geneous and denser distribution of Ti particles and establishing metal-
lurgically robust Ti/Mg interfaces.

Fig. 10(a-f) depict the microhardness gradient trends of the Ti,/AZ31
composite pre- and post-UC. Fig. 10(a, d) illustrates the microhardness
gradients from the coating surface to the matrix in Ti,/AZ31 composites
pre- and post-UC treatment. Under optimal UC parameters (1.5 kN load,
10 min duration), the microhardness at zone A increased to 100.5 HV,
representing enhancements of 123.3 % and 13.7 % over the as-cast
AZ31 matrix (~45 HV) and untreated Ti,/AZ31 composite (88.4 HV),
respectively. The microhardness values at zones B and C increased from
73.8 HV and 56.5 HV to 88.6 HV and 68.1 HV, respectively. This
hardening phenomenon primarily originates from the gradient distri-
bution of high-hardness Ti particles from the coating surface to the
matrix, coupled with the denser Ti particle distribution post-UC, which
intensifies dislocation pinning and impedes slip, thereby inducing pro-
nounced hardening. Microhardness distribution maps (Fig. 10(c, f))
were generated based on the aforementioned measurements to visually
elucidate the microhardness evolution.
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Fig. 9. Fractographic characteristics: (a-c) As-cast AZ31 matrix; (d-f) Ti,/AZ31 composite; (g-i) Tip/AZ31-UC-1.5kN-10min composite; (j-1) EDS line scan analysis of

fractured Ti particles in Ti,/AZ31-UC-1.5kN-10min composite.
4. Discussions
4.1. Analysis of interface between Ti particles and the magnesium matrix

This study demonstrates that UC treatment of Ti,/AZ31-UC com-
posites achieves exceptional comprehensive mechanical properties
through deformation coordination and robust interfacial bonding. As
detailed in Section 3.2, an Al-enriched layer was observed at Ti/Mg
interfaces. Within the high-temperature Mg molten pool, Al reacted with
Ti to form Al-Ti intermetallic compounds, with Gibbs free energy values
following the hierarchy: TisAl>TiAl>TiAl3>TiAls>TiAly[39-41].
Prior to UC treatment, Al and Ti reacted to form TizAl phases. The UC
process induces atomic migration, enabling the Al and Mn elements
dissolved in the Mg side to absorb additional energy and diffuse toward
Ti particle interfaces with higher chemical affinity. Consequently, TizAl
phases at Ti/Mg interfaces transform into TiAl; phases with lower Gibbs
free energy, forming semi-coherent interfaces with Mg. The

transformation reaction is expressed as Ti3Al+Al-TiAly, and the
semi-coherent orientation relationship is recognized as a hallmark of
strong interfacial bonding [42,43] Additionally, Mn element deposits at
Ti/Mg interfaces, forming layered amorphous Mn-Ti phases.

In summary, during the initial deformation stage of UC, the Mg side
of the Ti,/AZ31-UC composite preferentially deforms due to its lower YS
compared to Ti. Concurrently, Al and Mn solutes in the Mg side diffuse
toward Ti particle interfaces due to the stronger affinity, driving phase
evolution to form TiAl, and amorphous Mn-Ti interphases. These
interfacial phases enhance metallurgical bonding in the Ti,/AZ31-UC
composite, facilitating efficient load transfer from the Mg side to Ti
particles. Furthermore, UC treatment homogenizes Ti particle distribu-
tion. As deformation proceeds, stress concentration at Ti/Mg interfaces
intensifies. Owing to the high strength and ductility of Ti, Ti particles
undergo coordinated deformation with the Mg matrix upon reaching
critical stress thresholds, alleviating stress concentration and homoge-
nizing strain distribution.
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Fig. 10. Microhardness testing positions, measurement results, and distribution maps: (a-c) Tip/AZ31 composite; (d-f) Ti,/AZ31-UC-1.5kN-10min composite.

4.2. Strengthening mechanisms

Kernel average misorientation (KAM) maps shown in Fig. 11(a, f)
reveal higher local misorientation around Ti particles prior to UC
treatment, whereas post-UC, the misorientation near Ti/Mg interfaces
diminishes. This indicates that Ti particles and the Mg matrix undergo
coordinated deformation during UC treatment to relieve stress concen-
tration, resulting in reduced KAM values at Ti particles interfaces post-
UC treatment. Grain type distributions are shown in Fig. 11(e, j),
where blue, yellow, and red colors denote recrystallized, substructured,
and deformed grains, respectively. Insets in Fig. 11(el, j1) provide
quantitative grain type statistics. It can be observed from the figures that
UC treatment promotes dynamic recrystallization (DRX), increasing the
fraction of recrystallized grains from 4.2 % to 5.6 %. Inverse pole figure
(IPF) maps and corresponding basal pole figures of Mg and Ti particles
pre- and post-UC treatment (Fig. 11(b-c, g-h)) demonstrate that UC
treatment alters the crystallographic orientation of the Mg side grains
from the original7.75° < 1010 > orientation t0148.89° < 5173 >. The
basal texture intensities of Mg (0001) and Ti (0001) decrease from
113.14 and 9.94 to 70.99 and 8.47, respectively. The weakened basal
texture is attributed to a more homogeneous and denser distribution of
Ti particles and grain boundary obstruction of dislocation motion post-
UC, which induces dislocation pile-ups and stimulates DRX nucleation.
Consequently, the grain orientations in the UC-treated Ti,/AZ31-UC
composite become more randomized. Randomly oriented grains
enhance coordinated deformation, preserving ductility in the composite
coating [44]. Meanwhile, as observed in Fig. 11(d, d1, i, i1), the average
grain size of the Mg matrix grains around the Ti particles decreases
significantly from ~5.7 pm to ~1.2 pm post-UC treatment.

The enhancement of mechanical properties through UC treatment
can be primarily attributed to three key mechanisms: (i) The UC process
induces plastic deformation that stimulates DRX nucleation, signifi-
cantly refining grain structure; (ii) UC promotes the formation of TiAly
phases with semi-coherent interfaces to Mg and amorphous Mn-Ti in-
terphases at Ti/Mg interfaces, which synergistically enhance load
transfer efficiency during tensile deformation; (iii) UC treatment elimi-
nates fine Ti particle clustering, achieving a homogeneous and dense
distribution. These well-distributed Ti particles effectively impede
dislocation movement while inducing high-density dislocation networks

at particle-matrix interfaces. Concurrently, dislocation pile-ups at grain
boundaries form complex tangles that substantially obstruct plastic
flow. In conclusion, UC treatment effectively optimizes the mechanical
properties of Ti,/AZ31-UC composites.

The improved tensile strength of the Ti,/AZ31 composite prepared
by laser melt injection, followed by ultrasonic vibration-compression
originates from the grain refinement and robust metallurgical bonding
at Ti/Mg interfaces. Thus, the strengthening mechanisms of the Ti,/
AZ31 composite pre- and post-UC can be categorized as: (i) Grain
refinement strengtheningAoy_p, (ii) Load transfer strengtheningAcyoqq,
(iii) Thermal mismatch strengtheningdocrr, and (iv) Orowan
strengtheningAcorowan-

During UC-assisted plastic deformation following laser melt injection
of Ti particles, Mg grains in the coating are significantly refined via the
dynamic Hall-Petch effect [45]. The contribution of grain refinement to
YS enhancement of the composite can be quantified using the Hall-Petch
Eq. (1)[46]:

Aoy p = K(d;'* —d;'/?) ¢h)

where K = 0.13 MPaem'/? is the Hall-Petch coefficient of AZ31, and d.
and dp, are the average grain sizes of the Ti,/AZ31 composite and the as-
cast AZ31 matrix, respectively. Based on the data obtained from the
previous analysis, the YS of the Ti,/AZ31 composite Acy_p pre- and post-
UC was calculated to be 46.9 MPa and 111.2 MPa, respectively. When
tensile load is applied to the Tip/AZ31 composite, the shear stress is
transferred from the Mg side to the interior of the Ti particles. The load
transfer strengthening contribution can be calculated using Eq. (2)[47]:

AGLoad = O-Svpam 2

where 6y, is the YS of the AZ31 matrix, and V}, is the volume fraction of
Ti particles in the coating. Accordingly, the YS of the Ti,/AZ31 com-
posite Aoy,qq pre- and post-UC treatment was calculated to be 18.8 MPa
and 21.6 MPa, respectively. The contribution of thermal mismatch to
the increase in YS can be can be quantified via Eq. (3)[48]:

12V,ATAC

AUCTE = \/§aGmb m

3
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Fig. 11. EBSD analysis of Ti,/AZ31 composite fractures: (a-e, f-j) KAM maps, IPF maps, pole figures, grain size distributions, and grain type classifications for Ti,/
AZ31 and Tip/AZ31-UC-1.5kN-10min; (al, b1, f1, g1) Legends corresponding to (a, b, f, g), respectively; (d1, i1) Statistical plots of the average grain size of Mg grains

in the coating; (el, j1) Histograms of different grain type distributions.

where o = 1.25 is a geometric constant, Gy, = 1.66 x 10* MPa is the
shear modulus of the AZ31 matrix, b = 3.21 x 10~ '* m is the Burgers
vector, AT is the change in temperature, and AC is the difference in the
thermal expansion coefficients between Ti particles and the AZ31 ma-
trix, and dy, is the average diameter of Ti particles. The calculated YS of
the Ti,/AZ31 composite Accrs pre- and post-UC treatment was 42.9 MPa
and 51.8 MPa, respectively. In the Ti,/AZ31 composite, homogeneously
dispersed Ti particles obstruct dislocation motion through the Orowan
mechanism. The YS enhanced by the Orowan mechanism is calculated
using Eq. (4)[49]:

@Gub % 1/3
d, z

A6orowan =

G

where ¢ is a constant equal to 2. The calculated YS of the Ti,/AZ31
composite Acorowan pre- and post-UC treatment was 0.3 MPa and
0.4 MPa, respectively. In summary, the theoretical YS value of the Ti,/
AZ31 composite can be expressed as follows:

10

Ao = 0 +A0H_p +AO.Luud 4+ Aocre + AGorowan

)

The above calculations confirm that grain refinement and thermal
mismatch are the dominant strengthening mechanisms. Compared with
other strengthening mechanisms, the Orowan mechanism contributes
negligibly when the reinforcing particle diameter exceeds 5 pm [50].
Theoretical yield strengths of Ti,/AZ31 and Ti,/AZ31-UC-1.5kN-10min
composites are 171.6 MPa and 247.3 MPa, respectively. As shown in
Fig. 12(a), the discrepancy between theoretical and experimental yield
strengths is within ~5 %. Furthermore, Fig. 12(b) compares the UTS and
EL of the Ti,/AZ31-UC composite with other Ti particle-reinforced Mg
composites [17,25,51-61], highlighting its superior strength-ductility
synergy achieved through laser melt injection coupled with UC
treatment.

5. Conclusions

This study systematically investigated the UC treatment applied to
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Mg composites.

laser melt injected Ti particle-reinforced Ti,/AZ31 composites.
Comprehensive analyses were conducted on the microstructural evolu-
tion, interfacial precipitate transformations, microhardness character-
istics, and mechanical properties under varying UC conditions, with
systematic elucidation of the UC-induced strengthening mechanisms in
Tip/AZ31-UC composites. The principal conclusions are as follows:

(1) During UC processing, plastic deformation occurred in the Ti,/
AZ31 composite, promoting DRX nucleation. This resulted in
significant grain refinement of the Mg grains in the coating,
reducing the average grain size from ~5.7 pm to ~1.2 pm.
Concurrently, UC treatment optimized Ti particle distribution,
achieving a homogeneous and dense distribution. These homo-
geneously dispersed Ti particles effectively impeded dislocation
motion while demonstrating coordinated deformation compati-
bility with the Mg matrix through sequential elastic and plastic
deformation during loading, thereby enhancing load transfer
efficiency.

UC treatment induced elemental diffusion of Al and Mn solutes
from the Mg side toward Ti particle interfaces. This interfacial
redistribution drove phase evolution, forming TiAl, intermetallic
compounds and amorphous Mn-Ti phases at the interfaces. The
precipitated TiAl, phases established semi-coherent orientation
relationship (311)TiAly//(111)Mg, [233|TiAly//[231]Mg with the
Mg matrix in AZ31, creating robust metallurgical bonding.

The Ti,/AZ31-UC-1.5kN-10min composite achieved exceptional
comprehensive mechanical properties, with YS, UTS, and EL
reaching 239.1 MPa, 284.7 MPa, and 9.1 %, respectively.
Compared with the Ti/AZ31 composite, the YS and UTS were
increased by 46.2 % and 32.9 %, respectively, and compared
with the as-cast AZ31 matrix, they were increased by 281.3 %
and 98.9 %, respectively. Meanwhile, its microhardness (100.5
HV) exhibited enhancements of 123.3 % and 13.7 % over the
AZ31 matrix (~45 HV) and untreated Ti,/AZ31 composite (88.4
HV). These performance improvements are predominantly
attributed to grain refinement strengthening and nanoscale
interfacial precipitate strengthening post-UC treatment.
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