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A B S T R A C T

To the best of our knowledge, this is the first report demonstrating grain refinement to 4 μm via a mass- 
production method for the Ti–15Mo alloy. Grain sizes ranging from 4 to 38 μm were achieved by controlling 
thermomechanical processing in powder metallurgy, combined with heat treatment using recycled coarse 
powders for additive manufacturing. The critical grain size for deformation twinning was investigated, alongside 
an analysis of the deformation behavior and mechanical properties of the Ti–15Mo alloy with various grain sizes. 
Upon refining the grain size to 7 μm, deformation twinning is inhibited, shifting the plastic deformation 
mechanism from mechanical twinning to dislocation slip. The yield strength can be adjusted between 921 and 
715 MPa, with elongation ranging from 18.4 % to 34.4 %, by varying the grain size distribution ratio of small to 
large grains relative to 7 μm from 1.5 to 0.42. This strengthening effect primarily arises from dislocation 
strengthening, Mo solid solution, texture strengthening, and modifications in the Hall-Petch constant due to 
changes in deformation behavior during grain refinement.

1. Introduction

β titanium alloys have garnered considerable attention in biomedical 
applications due to their excellent biocompatibility and low elastic 
modulus, which is closer to that of bone (10–30 GPa). Molybdenum 
(Mo), a common stabilizing element, forms a solid solution with tita-
nium, causing minimal lattice distortion [1]. Additionally, Mo contrib-
utes to grain refinement and increase the strength of the alloys. As Mo 
content increases from 9 to 15 wt%, the β stability increases, and the 
plastic deformation mechanism shifts from α′′ martensite and ω phase 
transformation to {332}<113> and {112}<111> mechanical twinning 
[2]. The Ti–15Mo alloy, a β-type titanium alloy listed in ASTM standards 
as an implant material [3], is widely used in biomedical fields due to its 
excellent corrosion resistance and biocompatibility. However, its low 
yield strength limits broader practical applications. This low yield 
strength is attributed to the low critical stress required for mechanical 
twinning, making yield strength enhancement highly significant. A 
combination of dislocation slip and mechanical twinning can achieve 

excellent mechanical properties in Ti–15Mo alloys [4]. The addition of 
elements such as Fe shifts the deformation mode from {332}<113>
twinning to dislocation slip, significantly increasing the yield strength of 
the alloy [5]. However, altering the alloy’s standardized chemical 
composition poses challenges in securing production licenses for 
biomedical applications. Furthermore, while second phase strength-
ening and dislocation strengthening can enhance yield strength, they 
often reduce ductility. The second phases, typically including the ω and 
α phases, are detrimental to maintaining a low Young’s modulus, which 
is crucial for minimizing the stress shielding effect [6–10]. Grain 
refinement is a critical strategy for enhancing yield strength without 
increasing Young’s modulus. In metastable alloys, grain refinement 
enhances β phase stability, leading to an increase in the critical stress 
required for twinning or deformation-induced phase transformations, 
thereby improving the yield strength of materials. Numerous studies 
have shown that deformation twinning is suppressed in materials with 
hexagonal close-packed (HCP) or face-centered cubic (FCC) structures 
when the grain size is reduced to a few micrometers [11–14]. However, 
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the body-centered cubic (BCC) structure of titanium alloys makes 
micron-scale grain refinement particularly challenging due to rapid 
diffusion at high temperatures in the non-close-packed structure. 
Although techniques such as accumulative roll bonding (ARB), equal 
channel angular pressing (ECAP), high-pressure torsion (HPT), and 
other severe plastic deformation methods combined with heat treat-
ments can effectively achieve grain refinement, scaling these methods 
for mass production remains a significant challenge. Selective laser 
melting, characterized by its fast cooling rate, effectively increase the 
yield strength to 728 MPa. This improvement is attributed to the 
irregularly refined grain size of 15 μm and the formation of the dislo-
cation walls accompanied by element segregation [15]. To the best of 
our knowledge, deformation twinning is the predominant deformation 
mechanism in Ti–15Mo alloys with varying grain sizes, as reported in 
existing studies. However, determining the critical grain size at which 
the deformation mode transitions from twinning to dislocation slip re-
mains a pivotal question for optimizing the alloy’s mechanical proper-
ties [15–18]. The in-house thermomechanical consolidation method in 
powder metallurgy is a near-net-shape forming process that allows 
precise microstructural control during fabrication. This cost-effective 
and time-efficient approach enables the production of dense materials 
with refined grain structures and is particularly advantageous for recy-
cling coarse powders from additive manufacturing through a stream-
lined and efficient process [19,20]. This paper investigates the 
feasibility of fabricating dense Ti–15Mo alloy with low oxygen content 
and refined grain size through powder metallurgy, utilizing recycled 
coarse powders from additive manufacturing. It further aims to identify 
the grain size threshold for the transition of plastic deformation modes 
and to regulate the alloy’s deformation mechanism by controlling grain 
size and its distribution, thereby enhancing its mechanical properties.

2. Materials and methods

2.1. Materials

Spherical Ti–15Mo pre-alloyed powders, with a powder refractive 
index of 2.8, were used as the raw material. As shown in Fig. 1, the 
particle size of the powders was measured using a laser particle size 
distribution meter (LA-920), and the average particle size is 145 μm. The 
Ti–15Mo alloy was fabricated through a thermomechanical powder 
metallurgy process (Fig. 2a) under an argon atmosphere. As shown in 
Fig. 2b-c, the powders were first cold compacted into a cylinder with a 
diameter of 52 mm and a height of 30 mm first to preform the material. 
Subsequently, the preformed cylinder was hot extruded into a rod with a 
diameter of 18 mm and a true strain of 2.20 at 1200 ◦C. The extruded 
materials were analyzed for interstitial element content using a gas 
chromatograph (SQM-2 L) with chromatographic separation and 
detection techniques. The measured mass percentages of hydrogen (H), 

oxygen (O) and nitrogen (N) were 0.013 %, 0.075 % and 0.033 %, 
respectively, meeting the requirements of ASTM standards. The material 
densification was assessed using an electronic density balance (ETNALN, 
ET-320) in accordance with Archimedes’ method. The calculation for-
mula is as follows: 

θ =

(

1 −
ρ0

ρ1

)

∗ 100% (1) 
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(
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1

∑n
i
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Where θ is the porosity of the material, ρ0 is the experimental density of 
the materials, ρt is the theoretical density of the material, and ρi is the 
theoretical density of each element. m1, m2, and m3 are the dry weights 
of the material, the weight of material in water, and the weight of wet 
material removed from the water, respectively, and mi is the mass 
fraction of each alloying element. By averaging ten measurements, the 
measured density of the as-extruded Ti–15Mo material was 4.94 g/cm³, 
achieving a densification of 99.8 %. To produce Ti–15Mo materials with 
varying grain sizes, the samples were heat-treated at temperatures 
ranging from 765 to 800 ◦C for durations of 2–40 minutes, followed by 
ice-water quenching.

2.2. Methods

Tensile specimens with dimensions of 40 mm in total length, a par-
allel segment of 13 mm, a width of 3 mm, and a thickness of 1.5 mm 
were prepared using electrical discharge machining (EDM) wire cutting. 
Tensile tests were conducted at room temperature with a strain rate of 
3×10− 4 s− 1 using a Shimadzu AG-XPLUS 100 kN tensile testing ma-
chine. To minimize errors, at least three parallel specimens were pre-
pared for each material with different grain sizes. Prior to optical 
microscopy (OM) observation using a ZESS AXIO optical microscope, 
the specimens were mechanically polished and chemically etched with a 
solution composed of 2 % hydrofluoric acid (HF), 4 % nitric acid 
(HNO3), and 94 % distilled water (H2O). Grain size analysis was per-
formed using ImageJ software, counting more than 1000 grains, with at 
least three regions analyzed to ensure accuracy and reduce measure-
ment error.

The phase constitutions and lattice constants of the materials, both 
before and after tensile deformation, were analyzed using X-ray 
diffractometry (XRD, Smart Lab). Scanning electron microscopy (SEM, 
JEOL JSM-7001F) and EBSD (EBSD detector, BRUKER e-Flash FS) were 
employed to investigate the deformation products and texture intensity 
of the materials with varying grain sizes. The EBSD analysis was 

Fig. 1. (a) SEM image showing the morphology of Ti–15Mo pre-alloyed powders and (b) the particle size distribution of the powders.
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conducted with a step size set to one-fifth of the smallest microstructural 
feature in the selected area, using an electron beam at 20 kV and 26 nA. 
For EBSD analysis, the samples were electropolished using a Zhaoxin 
RXN-605D power supply with a voltage of 27 V, a current of 0.8–1 A, 
and a temperature of − 10 ◦C. The electrolyte consisted of 5 vol% 
perchloric acid, 35 vol% n-butyl alcohol, and 60 vol% methyl alcohol.

3. Result

3.1. Microstructure

Fig. 3 presents the optical micrographs of Ti–15Mo materials after 
various treatment processes. The materials with different grain sizes 
exhibit equiaxed grains alongside some extruded microstructure. As 
shown in Fig. 3a, equiaxed grains with an average grain size of 4 μm was 
obtained through the thermomechanical powder metallurgical process. 
Average grain sizes of 7 μm and 13 μm were achieved through short-time 
heat treatments (2 min and 10 min) at 765 ◦C (β phase transformation 

Fig. 2. (a) Schematic of thermomechanical equipment used in powder metallurgy, (b) cold compaction process for powders, and (c) hot extrusion process.

Fig. 3. Metallographic images of Ti–15Mo alloy subjected to various heat treatment conditions, including different temperatures and holding times: (a) as-extruded, 
(b) 765 ◦C for 2 minutes, (c) 765 ◦C for10 minutes, (d) 800 ◦C for 30 minutes, and (e) 800 ◦C for 40 minutes.
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temperature +10 ◦C), with both exhibiting a mixture of coarse and fine 
grains (Fig. 3b–c). Heat treatments at 800 ◦C for 30 min. and 40 min. 
result in average grain sizes of 28 μm and 38 μm, respectively. The re-
sults demonstrate that the coarse Ti–15Mo powders with an initial 
average powder size of 145 μm can be densely consolidated through a 
thermomechanical process, achieving a refined grain size of 4 μm. 
Additionally, the grain size of Ti–15Mo materials can be tailored within 
the range of 4–38 μm by adjusting the parameters of post-processing 
heat treatments. Fig. 4a illustrates the phase constitutions of Ti–15Mo 
materials with varying grain sizes, indicating that all materials are 
predominantly composed of β phases. The solution treatment was per-
formed above the β transus temperature for a short duration to minimize 
excessive grain growth. Due to air cooling following hot extrusion, a 
small number of α additional peaks, aside from β peaks, are observed in 
the XRD patterns. However, their negligible content and minimal impact 
on material properties render them insignificant for detailed discussion. 
Fig. 4b shows that the lattice constant of the materials fluctuates be-
tween 3.2605 and 3.2655 Å. Residual stresses introduced during hot 
extrusion are released during heat treatment, leading to variations in the 
lattice constant as the grain size increases from 4 to 38 μm.

3.2. Mechanical properties and fractography

Fig. 5a displays the engineering stress-strain curves of Ti–15Mo 
materials with varying grain sizes. As the average grain size increases 
from 4 to 38 μm, the yield strength decreases from 1118 to 592 MPa, and 
the ultimate tensile strength declines from 1119 to 811 MPa. 
Conversely, the elongation improves significantly, rising from 13.2 % to 
40 %. For materials with grain size of 7 μm and 13 μm, the compre-
hensive mechanical properties include yield strengths of 921 and 
715 MPa, and elongation values of 18.4 % and 34 %, respectively. These 
results demonstrate the trade-off between strength and ductility with 
varying grain sizes. As shown in Fig. 5b, the grain size of Ti–15Mo alloy 
can be effectively controlled through powder metallurgy via thermo-
mechanical consolidation and heat treatment, resulting in excellent 
mechanical properties. By incorporating additional strengthening and 
toughening strategies, such as the introduction of oxygen (O) and boron 
(B) or the incorporation of isothermal ω phase through ageing, it is 
anticipated that the already excellent performance of the 13 μm and 7 
μm materials can be further enhanced [15,21–30].

Fig. 6(a–b) presents the true stress-strain curves and work-hardening 
curves of Ti–15Mo materials with varying grain sizes. The results show 
that the material with grain size of 4 μm exhibits high strength but 
almost no work-hardening ability. In contrast, materials with grain size 
larger than 13 μm demonstrate better work-hardening capability. For 
the material with grain size of 7 μm, some work-hardening ability is 

observed, and the uniform elongation increases from 1.2 % (in the 4 μm 
material) to 5.8 %. As summarized in Table 1, an increase in average 
grain size leads to a decrease in strength but an improvement in 
ductility. Specifically, as the grain size increases from 4 μm to 38 μm, the 
area reduction improves from 0.41 to 0.71, the yield strength and tensile 
strength decrease from 1118 and 1119 MPa to 592 MPa and 811 MPa, 
respectively, while the elongation increase significantly from 13.2 % to 
40 %, and the uniform elongation rises from 1.2 % to 22.1 %.

The tensile fractography of Ti–15Mo materials with different grain 
sizes, as shown in Fig. 7(a–d), reveals a combination of ductile and 
ductile-brittle mixed fracture areas. In the ductile fracture area, 
numerous dimples are observed, exhibiting a typical ductile fracture 
morphology (Fig. 7a′–d′). In the ductile-brittle mixed fracture area 
(Fig. 7a′′–d′′), in addition to dimples, a significant number of cleavage 
fracture features are present, presenting a mixed fracture morphology. 
The proportion of the ductile fracture area increases notably from 15 % 
to 75 % as the grain size increases from 4 μm to 28 μm. This trend 
confirms that a larger ductile fracture area ratio correlates with greater 
ductility in the materials [31].

Additionally, cracks are observed on the fracture surface, prompting 
an analysis of their origins through observations of the longitudinal 
section of the material. For the 13 μm material, as shown in Fig. 8a, 
numerous cracks are visible in the longitudinal section of the tensile 
fracture at 34 % strain. In contrast, near the fracture surface at 17 % 
strain (Fig. 8b), only a few cracks are observed, and no significant cracks 
are present far from the fracture surface at 0 % strain (Fig. 8c). This 
suggests that the cracks at the fracture surface are generated during the 
tensile deformation process rather than during fabrication. In the 28 μm 
material, which undergoes substantial plastic deformation, a similar 
pattern is observed. A large number of cracks are present at the fracture 
surface at 40 % strain, whereas only microcracks are observed near the 
fracture surface at 20 % strain (Fig. 8d–e). Fig. 8(a, d, f) shows that as 
the grain size decreases from 28 μm to 4 μm, the size and number of 
cracks formed during deformation significantly reduce. This highlights 
the influence of grain size on crack formation during the deformation 
process.

Furthermore, the size of cracks at similar strain levels is comparable 
across materials with different average grain sizes, allowing the strain to 
be evaluated using a crack growth model. As applied stress increases, 
stress concentration arises from dislocation pile-ups at grain boundaries, 
leading to the initiation of microcracks at triple grain junctions. These 
microcracks progressively grow with increasing strain, ultimately 
forming visible cracks.

With increasing grain size, mechanical twinning occurs to accom-
modate deformation, enabling higher strain levels. This increase in 
strain elevates the kinetic energy available for microcrack propagation 

Fig. 4. (a) XRD patterns of materials with different grain sizes and (b) lattice constants of the β phase in materials as a function of grain size.
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under plastic deformation, facilitating full microcrack extension into 
larger cracks. The role of plastic strain in microcrack growth is primarily 
attributed to the formation of microcrack barriers under plastic defor-
mation and the necking effect at the tensile fracture, which reduces the 
working volume and further influences crack [32,33].

As shown in Fig. 9, the hardness of Ti–15Mo materials decreases 
from 359 to 288 HV as the grain size increases from 4 to 13 μm. Hard-
ness, which reflects a material’s ability to resist localized deformation, 
typically decreases with increasing grain size due to the Hall-Petch ef-
fect [34,35]. However, when the grain size increases beyond 13 μm, the 
hardness rises to 320 HV. This increase may be attributed to a change in 
the deformation behavior of the material, shifting to mechanical twin-
ning as the grain size grows larger. Notably, pronounced twinning is 

observed near the indentations in large-grain materials, as shown in the 
inset of Fig. 9, which further supports the role of mechanical twinning in 
influencing the hardness of materials with larger grains.

4. Discussion

4.1. Microstructure

The grain size of metallic materials can be refined during hot 
deformation [36,37]. As illustrated in Fig. 10a, the Ti–15Mo alloy ex-
hibits numerous sub-grain boundaries. The KAM (Fig. 10b) reveals that 
these sub-grain boundaries, along with high dislocation density grain 
boundaries, continuously absorb dislocations. Furthermore, as shown in 
Fig. 10c, dynamic recrystallization during in-house thermomechanical 
consolidation facilitates the progressive absorption of dislocations by 
the sub-grain boundaries. This process increases the grain boundary 
misorientation, transforming low-angle grain boundaries into 
high-angle grain boundaries, thereby refining the Ti–15Mo alloy grain 
size to be 4 μm [38,39]. The deformation mode significantly influences 
the mechanical properties of materials. Fig. 11(a–b) presents the optical 
micrographs of Ti–15Mo materials with average grain sizes of 4 and 28 
μm after deformation. In the material with a 4 μm average grain size 
(Fig. 11a), no lath structures are formed during deformation. 
Conversely, the material with a 28 μm average grain size (Fig. 11b) 
exhibits a significant amount of lath structures after tensile deformation. 

Fig. 5. (a) Engineering stress-strain curves of Ti–15Mo materials with varying grain sizes and (b) yield strength-elongation relationship for common Ti–15Mo-based 
alloys [6,21–30].

Fig. 6. (a) True stress-strain curves and (b) work-hardening rate curves of Ti–15Mo materials with varying grain sizes.

Table 1 
Tensile properties of Ti–15Mo materials with different grain sizes.

Grain 
size

Area 
reduction

Yield 
strength 
/MPa

Ultimate 
tensile 
strength 
/MPa

Total 
elongation 
(%)

Uniform 
elongation 
(%)

38 μm 0.71 592±7 811±79 37.1±2.3 21.0±0.5
28 μm 0.68 645±37 854±17 40±0.2 22.1±0.6
13 μm 0.48 715±12 858±13 34.0±1.5 20.5±0.4
7 μm 0.48 921±19 998±71 18.4±5.4 5.8±0.3
4 μm 0.41 1118±31 1119±30 13.2±3.3 1.2±0.5
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For the material with a 7 μm average grain size (Fig. 11c), lath structures 
are observed only in larger grains. Statistical analysis indicates that lath 
structures are predominantly observed in grains larger than 7 μm, as 
marked with red indicators in the micrographs. In contrast, no promi-
nent lath structures are detected in grains smaller than 7 μm, as denoted 
by yellow markers. This observation highlights the grain size threshold 
for the formation of lath structures during deformation. From Fig. 11d, 
the deformed material with a lath structure is primarily composed of β 
phase. In Ti–15Mo alloy, the lath structure formed during deformation is 
predominantly attributed to twinning [40,41]. Therefore, it is inferred 
that the lath structure consists of deformation twins or kinks.

To exclude the effect of the Schmid factor on the grain size de-
pendency of the statistically deformed lath structure, the Schmid factor 
distribution in the 7 μm material was analyzed using EBSD. As shown in 
Fig. 12(a–b), most grains in the observed area exhibit a Schmid factor 
greater than 0.4, and the lath structure is identified as {332}<113>
deformation twinning. However, no noticeable mechanical twins are 
observed in smaller grains, despite having similarly high Schimid factors 

as the larger grains. Statistical analysis determines the critical grain size 
that hinders deformation twinning to be 7 μm. This critical grain size 
enables an optimal balance between strength and ductility in Ti–15Mo 
alloy, particularly in materials with average grain sizes of 7 μm and 13 
μm.

In many metallic materials, twinning is progressively suppressed as 
the grain size decreases [12,14,42–44]. However, when the grain size 
reaches the threshold of twin suppression, the deformation behavior of 
the material undergoes significant changes. As illustrated in Fig. 13a, 
when the material is subjected to loading, dislocation pile-ups near the 
grain boundaries as applied stress increases. In materials with smaller 
grain size, the distance between the dislocation source and the grain 
boundaries is reduced, resulting in fewer pile-up dislocations. Conse-
quently, local stress concentration is lower, and more evenly distributed 
at the fine grain boundaries, requiring higher external stresses for 
dislocation multiplication. Fig. 13b shows that Ti–15Mo materials with a 
body-centered cubic structure possess multiple slip planes, including 
{110}, {112}, and {123}, with a stable <111> slip direction. 

Fig. 7. (a–d) Tensile fractography of Ti–15Mo materials with varying grain sizes illustrating the SEM images of the ductile fracture area (a′–d′) and ductile-brittle 
mixed fracture area (a′′–d′′). Grain sizes: (a) 28 μm, (b) 13 μm, (c) 7 μm, and (d) 4 μm.
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Dislocations are continuously generated through the Frank-Read (FR) 
dislocation source. As shown in Fig. 13c, grain boundaries acts as critical 
barriers to dislocation slip. In materials with small grain size, a higher 
proportion of grain boundaries leads to increased dislocation in-
teractions and pile-ups at these boundaries. This accumulation can 
initiate crack nucleation, causing cracks to grow or expand across the 
grain boundaries, ultimately resulting in material failure. With 
increasing grain size (Fig. 13d), the distance between the dislocation 
source and the grain boundaries increases, allowing more dislocations to 
pile up. This raises the stress exerted by the leading dislocations on the 
grain boundary barriers. When this stress reaches the critical level, 
mechanical twinning is initiated. As illustrated in Fig. 13e, interactions 
between grain boundaries and dislocations under high stress concen-
tration facilitate {332}<113> twinning (indicated by yellow arrows) 
through atomic shear movement (green arrows). This twinning alters 
the grain orientation, transforming an originally unfavorable orienta-
tion for slip into a favorable one, further promoting dislocation slip. The 
crystallographic misorientation between the {332}<113> twins and the 
matrix is 50.5◦, with rotation along the <011> axis (Fig. 13f).

4.2. Strengthening mechanism

The deformation behavior and mechanical properties of Ti–15Mo 

alloys are influenced by variations in grain size, necessitating a detailed 
investigation into the extent of these changes to enable further material 
optimization. To quantitatively analyze the factors affecting the me-
chanical properties, Eq. (4) examines the contributions of solid solution 
strengthening, dislocation strengthening, grain refinement strength-
ening, texture, and other mechanisms to the yield strength of the 
material. 

σ = σ0 +Δσss +Δσd +Δσg + σtando (4) 

where σ0 represents the yield strength of pure Ti, taken as 250 MPa[45], 
Δσss denotes the contribution from solid solution strengthening of Mo, Δ 
σd represents the contribution from dislocation strengthening, Δσg ac-
counts for the contribution from grain refinement strengthening, and 
σt and o captures the contribution from texture and other strengthening 
mechanism.

The dislocation density of the materials increases significantly after 
hot extrusion, effectively impeding dislocation movement and 
enhancing the strength of the materials. The contribution of dislocation 
strengthening is quantified using the Taylor equation [46,47]: 

Δσd = MαGbρ0.5 (5) 

Here, M is the Taylor factor, set to 3.06, α represents the dislocation 
strengthening coefficient for titanium, with a value of 0.25, G and b are 
the shear modulus and Burgers vector of titanium alloy, with respective 
values of 52 GPa and 2.86 Å. The dislocation density ρ is determined 
using the Williamson-Hall formula based on XRD results [48,49].

Solid solution strengthening arises from the alloying elements such 
as Mo. The size and shear modulus mismatch between the solute atoms 
(Mo) and the matrix Ti atoms induces lattice distortion, thereby 
increasing the strength of the alloy. The content of interstitial solid so-
lution atoms (H, O and N) in the studied materials conform to ASTM 
standards and show no significant variation among the materials; hence, 
the strengthening effect of interstitial atoms is considered negligible. 
The contribution of solid solution strengthening is quantified using 
Fleischer’s model to calculate the increase in strength, denoted as 
Δσss[50,51]： 

Δσss = MGbεssc
1
2 (6) 

εss ≈

⃒
⃒
⃒
⃒
⃒
⃒
⃒

εG

1 + 1
2 |εG|

− 3 • εa

⃒
⃒
⃒
⃒
⃒
⃒
⃒

(7) 

Fig. 8. (a–f) SEM images of tensile longitudinal sections of Ti–15Mo alloy materials with varying grain sizes, captured at different locations: (a, d, f) at the fracture 
surfaces (a: d=13μm, ε=34 %; d: d=28μm, ε=40 %; f: d=4μm, ε=13 %); (b, e) near the fracture surfaces (b: d=13μm, ε=17 %; e: d=28μm, ε=20 %); (c) away from 
the fracture surfaces (c: d=28μm, ε=0 %).

Fig. 9. Variation in Vickers hardness of Ti–15Mo materials as a function of 
average grain size.
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Where M is the Taylor factor, taken as 3.06, G is the shear modulus, b is 
the Burgers vector, and c is the atomic percent of the Mo solute. εG and εa 
represent the lattice strain resulting from the difference in shear 
modulus and atomic dimensions between the solutes and the matrix, 
with values of 2.063 and 2.669, respectively. Based on this model, the 
calculated contribution of solid solution strengthening to the yield 
strength is approximately 164 MPa.

Grain refinement increases material strength by providing dense 
grain boundaries that impede dislocation motion. This effect is typically 
quantified using the Hall-Petch equation [52]： 

σy = σ0 + kd−
1
2 (8) 

Where σy is the yield strength of the material, σ0 represents the intrinsic 
lattice resistance to dislocation movement, k is the Hall-Petch coeffi-
cient, which measures the hardening contribution of grain boundaries, 
and d is the average grain size. The Hall-Petch coefficient (k) varies with 
the deformation mechanisms of the material [16,53]. When the average 
grain size of Ti–15Mo alloy is refined to 7 μm, the deformation mech-
anism shifts from twinning-dominated to dislocation slip-dominated. As 
illustrated in Fig. 14(a–d), the percentage of grains capable of twinning 
decreases with smaller grain sizes. To account for this change, the 
modified Hall-Petch equation is employed to evaluate the contribution 
of fine grain strengthening: 

σg = σ0 +
[
ptwinktwin +(1 − ptwin)kslip

]
d−

1
2 (9) 

where ptwin is the proportion of grains in which mechanical twinning 
occurs, ktwin is the Hall-Petch coefficient for twinning-dominated 
deformation, taken as 1112 MPa⋅μm1/2[16,54], and kslip is the 
Hall-Petch coeffient for dislocation slip-dominated deformation, taken 
as 234 MPa⋅μm1/2 in the Ti–15Mo–1Fe alloy for estimation. When the 

grain sizes is small, mechanical twinning is suppressed, and the 
Hall-Petch coeffient reflects dislocation slip as the primary deformation 
mechanism.

Texture refers to the preferred orientation and can significantly 
affect the yield strength of the material [55]. The Ti–15Mo materials 
prepared by thermomechanical process exhibit notable texture. For the 
extruded material with an average grain size of 4 μm, the microstructure 
and texture are depicted in Fig. 15 (a–d), with maximum pole densities 
of {100}, {110}, and {111} recorded as 4.86, 10.99, and 4.89, respec-
tively, indicating a strong texture. In contrast, the deformed material 
with a grain size of 7 μm has corresponding pole densities of 6.12, 8.11, 
and 6.25, suggesting a relatively weaker texture. While texture plays a 
significant role in yield strength, other factors, such as the α phase and 
interstitial solutes strengthening also influence material properties but 
are not discussed in detail here [55,56]. The contribution of various 
strengthening mechanisms to the yield strength are shown in Fig. 16. 
Notably, the contribution of grain refinement does not consistently in-
crease as grain size decreases. However, dislocation strengthening, 
texture strengthening, and other factors show more substantial contri-
butions. A summary of the contribution of dislocation strengthening, 
grain refinement strengthening, and texture strengthening to the yield 
strength of Ti–15Mo alloys is provide in Table 2.

5. Conclusions

Ti–15Mo materials with varying grain sizes were fabricated through 
a powder metallurgical thermomechanical process combined with sim-
ple heat treatments, and the effects of grain size on the deformation 
behavior and mechanical properties were systematically investigated. 
The main findings are as follows: 

Fig. 10. (a) Inverse Pole Figure (IPF) map and (b) Kernel Average Misorientation (KAM) map of Ti–15Mo material with an average grain size of 4 μm, and (c) 
diagram of grain refinement during thermomechanical consolidation.
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(1) Ti–15Mo materials with grain sizes ranging from 4 to 38 μm were 
successfully fabricated using recycled coarse powders through 
thermomechanical process in powder metallurgy, combined with 
heat treatments.

(2) The critical grain size for suppressing the mechanical twinning is 
7 μm. As the average grain size increases, the proportion of grains 
capable of mechanical twinning also increases.

(3) By adjusting the ratio and distribution of the grain size in 
Ti–15Mo materials, the Hall-Petch coefficient varies with 
different deformation mechanisms, enabling control over the 

sensitivity of yield strength to grain size and optimization of 
overall mechanical properties.

(4) A balance between strength and ductility can be achieved by 
regulating grain size. Materials with average grain size of 13 μm 
and 7 μm exhibit favorable comprehensive mechanical proper-
ties, with yield strengths of 715 and 921 MPa, tensile strengths of 
858 and 998 MPa, and elongations of 34.4 % and 18.4 %, 
respectively.

Fig. 11. (a–c) Differential interference contrast metallographs of materials with varying grain sizes： (a) 4 μm, (b) 28 μm, (c-d) 7 μm, and (d) XRD patterns of 
deformed Ti–15Mo alloy with an average grain size of 7 μm.

Fig. 12. (a) Schmid factor distribution and (b) statistical analysis of the Schmid factor for Ti–15Mo material with an average grain size of 7 μm after deformation.
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Fig. 13. Schematic illustration of the deformation evolution from dislocation slip-dominated deformation to twinning-dominated mechanisms; (a) Dislocation slip- 
dominated deformation behavior in small grain size, (b) dislocation multiplication by generation of dislocation loops at F-R dislocation sources, (c) dislocations pile- 
up at grain boundaries leading to crack nucleation and subsequent fracture, (d) twinning-dominated deformation behavior in large grain size, and (e–f) the 
mechanism of twinning formation in the BCC lattice.

Fig. 14. Optical microstructures and corresponding grain size distribution graphs for Ti–15Mo materials with varying grain sizes: (a) 4 μm, (b) 7 μm, (c) 13 μm, and 
(d) 28 μm.
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