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A B S T R A C T

A series of strong and ductile Ti-Mo alloys containing 2.5, 5, 7.5 and 10 wt% Mo was experimentally investigated 
by a two-stage blended-elemental powder metallurgy process. This process consisted of a spark plasma sintering 
stage for powder-consolidation and in-situ-homogenisation, and a hot extrusion stage for densification and 
microstructure enhancement. Microstructures in the extruded alloys changed from α dominant to β dominant 
with molybdenum addition. Simultaneously, a grain refinement effect was observed due to suppressed α pre
cipitation and increase β retention. A significant strengthening effect was observed with molybdenum addition. 
In comparison with similarly processed commercially pure titanium, Ti-10Mo exhibited a yield strength 
improvement of 290 % to 1382.8 MPa, and an ultimate tensile strength improvement of 239 % to 1496.5 MPa. 
Meanwhile, Ti-5Mo exhibited a yield strength improvement of 211 % (1007.9 MPa) without any substantial 
reduction in ductility, resulting in an exceptional tensile toughness of 361.3 MJ.m− 3. A quantitative analysis of 
strengthening mechanisms reveals considerable strengthening effects from solid solution strengthening, dislo
cation strengthening, and grain refinement effects. These factors arise from the novel multi-modal microstruc
tures formed by thermomechanical processing at super-transus temperatures. The newly achieved balance of 
strength and ductility appears to be unrivalled amongst all previously reported binary Ti-Mo alloys.

1. Introduction

Titanium (Ti) and its alloys are a versatile class of lightweight ma
terials with properties that are highly attractive for applications that 
demand high specific strengths, excellent chemical resistance and su
perior biocompatibility. At present, much of the Ti market remains 
cornered by the widespread Ti-6Al-4V alloy and the various grades of 
commercially pure (CP) Ti, which are well entrenched due to the 
maturity of their manufacturing infrastructure. However, Ti-6Al-4V 
leaves much to be desired due to the cost and strategic issues with va
nadium (V) supply chains [1], as well as persistent concerns about its 
cyto-toxic effects in biomedical implants [2]. Meanwhile, CP-Ti often 
fails to provide adequate strengths to outcompete structural aluminium 
alloys and steels [3]. These drawbacks are major shortcomings amidst a 
rising demand for light alloys in the rapidly advancing transportation 
and biomedical technology sectors. Accordingly, the topics of Ti alloy 
design and complimentary processing technologies have attracted 
immense research interest in recent years. In these efforts, significant 

progress has been made towards reducing cost [4], improving perfor
mance as biomaterials [5,6], and optimization for newer manufacturing 
technologies such as powder metallurgy (PM) and additive 
manufacturing (AM) [7,8]. Collectively, these various developments 
greatly diversify the available compositions of titanium, which simul
taneously broadens applications, and improves supply chain resilience 
and stability [9].

In close synergy with these trends, molybdenum (Mo) appears to be 
an attractive candidate as a relatively cost-effective and biocompatible 
substitute for V in stabilizing the high-temperature β-phase for alloy 
design purposes. As one of the cheapest isomorphous β-stabilizers, Mo 
provides some degree of cost benefit over V, while avoiding the pro
cessibility and stability issues brought on by cheaper intermetallic- 
forming β-stabilizers like iron (Fe) or manganese (Mn). The fundamen
tals of the Ti-Mo system were comprehensively explored in the early 
days of titanium development [10], however interest gradually waned 
due to processing limitations from the large difference in melting point 
between Mo (2623◦C) and Ti (1668◦C). This large melting point 
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discrepancy presents severe technical and cost challenges in conven
tional casting processes and has traditionally limited the economic 
viability of the Ti-Mo system to a few specialized biomedical applica
tions. However, with the recent maturity of PM as an effective means of 
solid-state alloying from pre-mixed powders, there has been some 
renewed interest in Ti-Mo alloys in the past decade [11–15]. While 
extensive investigations of the structural properties remain relatively 
sparse, a few studies have demonstrated acceptable strengths in binary 
Ti-Mo alloys prepared by PM [16,17]. The best performance thus far has 
been reported by Liang et. al, with gigapascal strengths and fracture 
strains of around 10 % in a harmonically structured Ti-10Mo alloy 
prepared by a sintering, diffusion treatment, and annealing process [16]. 
However, despite their high strength, the ductility of these alloys still fall 
short of the 40 % achieved in some hot forged castings of Ti-Mo [18,19], 
leaving substantial room for improvement in the technical process.

Hot-forging, and other thermomechanical processing (TMP) 
methods are an attractive means of improving the mechanical properties 
of both PM and cast alloys [20,21]. In addition to the classical benefits of 
microstructure and property control, TMP of PM alloys also serves to 
improve the density of sintered compacts. In the processing of Ti alloys 
containing slow diffusers such as rhenium (Re), tungsten (W), tantalum 
(Ta) and Mo, this is a powerful means of combatting Kirkendall porosity 
and other defects which potentially detract from the mechanical 

properties of PM alloys [22]. With the objective of attaining superior 
properties from PM based Ti-Mo alloys, we herein investigate the 
microstructure development and strengthening mechanisms in a series 
of strong and ductile Ti-Mo alloys with 2.5, 5, 7.5 and 10 wt% Mo. To the 
best of our knowledge, the combined sintering and extrusion approach 
produced exceptional strength-ductility balance that is superior to all 
prior reports of binary Ti-Mo alloys produced by other methods.

2. Materials and methods

2.1. Sample preparation

Hydride-dehydride (HDH) Ti powder (D50 = 31 μm, Toho Technical 
Service, Fig. 1a) was mixed with 2.5, 5, 7.5 and 10 wt% of fine Mo 
powder (D50 = 3 μm, Kojundo Chemical, Fig. 1b) by rotary ball mill (AV- 
2, Asahi-Rika) to prepare partially alloyed powder mixtures. To promote 
embedding of Mo particles on to the surfaces of the larger Ti grains, ZrO2 
balls of 10 mm diameter were included as milling media at a powder to 
ball ratio of 4:1. Each composition was milled for 6 h at a rotation speed 
of 90 rpm. After mixing, the partially alloyed powders were consolidated 
into fully alloyed billets by spark-plasma-sintering (SPS, SPS-1030S, SPS 
Syntex) using a graphite die of 42 mm diameter. For sintering, each 
sample was heated to 1100◦C at a rate of 20◦C.min− 1 under a uniaxial 

Fig. 1. Morphologies of as-received (a) HDH CP-Ti powder and (b) granular Mo powder. (c) Partially alloyed Ti-10Mo mixture after 6 h of rotary ball milling at 
90 rpm, as observed by (-i) secondary electron imaging and (-ii) Mo elemental maps obtained by energy dispersive spectroscopy. (d) As-sintered, and (e) as-extruded 
microstructures produced from powder shown in (c), as observed in (-i) back-scattered electron imaging, and (-ii) Mo elemental maps. (f) Schematic showing the 
thermal history of the process used in this study. (g) Binary Ti-Mo phase diagram of the investigated composition range, calculated by the CompuTherm Pandat 
software [23].
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compacting pressure of 15 MPa, after which a hold time of 1 h was 
applied under a compacting pressure of 30 MPa. After sintering, the 
consolidated billets were allowed to furnace cool in-place before 
extraction from the die. The entire process was conducted in a vacuum 
chamber kept below 5 Pa.

The sintered billets were subsequently processed by hot extrusion to 
obtain the reported microstructures. Immediately before extrusion, each 
billet was pre-heated in an image furnace (RHL-P610C, Advance Riko) 
to 1000◦C at a heating rate of 120◦C.min− 1 in an argon atmosphere (5 L. 
min− 1). After a hold time of 5 min at 1000◦C, the billet was pressed 
through a heated extrusion die of 10 mm diameter (reduction ratio 
17.64) at a speed of 6 mm.s− 1 using a 2000 kN hydraulic press (SHP- 
200–450, Shibayama Kikai). After processing, the extruded rods were 
allowed to air-cool to ambient temperatures. The full thermal history of 
the fabrication process is shown in Fig. 1e, relative to β transus tem
peratures calculated using the PanTi2023 database of the Pandat Soft
ware (Fig. 1f) [23].

2.2. Microstructural and mechanical characterization

Final microstructures were characterised by scanning electron mi
croscopy (SEM, JSM-7100F, JEOL). For analyses, samples were metal
lographically prepared by standard procedures up to a final vibratory 
polish in a colloidal silica suspension. Elemental distributions were 
analysed by backscattered-electron (BSE) imaging, and energy disper
sive X-ray spectroscopy (EDS, JED-2300, JEOL), while grain character
istics and phase distributions were investigated by electron backscatter 
diffraction (EBSD, Hikari, EDAX) with the aid of the EDAX OIM Analysis 
software. Phase constitution and crystallographic parameters were 
further investigated by X-ray diffraction (XRD, XRD6100, Shimadzu) 
using Cu-Kα radiation (λ = 0.154 nm). Analysis of XRD data was per
formed with assistance of the BGMN/Profex software [24]. Indexation of 
XRD peaks was performed with reference data from the Crystallography 
Open Database (COD) [25,26].

Mechanical performance was evaluated by uniaxial tension testing 
(Autograph AG-X, Shimadzu), and Vickers micro-indentation hardness 
testing (HMV-2T, Shimadzu). Miniaturised plate-type tensile test spec
imens were extracted as close as possible to the centreline of each 
extruded rod by wire electrical discharge machining. Specimens were 
machined to a reduced section of 10 mm length, and a cross-section of 2 
× 1 mm. Testing was conducted with an initial strain rate of 5 × 10− 4 

s− 1, with load applied along the extrusion direction. Strain was deter
mined from measurements recorded by a non-contact digital video 
extensometer (TRViewX, Shimadzu). In all samples, yield strength was 
determined by the 0.2 % offset strain method, while toughness modulus 
was determined by trapezoidal integration of the tensile datapoints up to 
fracture.

3. Results and discussion

3.1. Powder characteristics and alloying kinetics

In the sintering of pre-mixed powders, slow-diffusing elements (such 
as the refractory metals in Ti) are reported to remain concentrated or 
undissolved near their original particle sources, leading to incomplete 
alloying [17,27,28]. In such cases, lengthy high-temperature homoge
nization treatments are often necessary to ensure predictable micro
structure formation in the prepared alloys. To avoid this complication 
and facilitate a single-step sintering process (with in-situ homogeniza
tion), large angular CP-Ti particles (31 μm, Fig. 1a) were paired with 
finer granular Mo particles (3 μm, Fig. 1b) to produce highly sinterable 
powder mixtures by ball milling. After 6 h of rotary ball milling at 
90 rpm, the Mo particles were homogeneously dispersed and partially 
embedded onto the surfaces of the Ti particles, as exemplified by the 
Ti-10Mo mixture (Fig. 1c). With an order-of-magnitude difference in 
size, the large angular facets of the HDH CP-Ti particles provided an 

abundant surface area for the finer Mo particles to adhere to, creating a 
uniform core-satellite configuration of Ti and Mo. In turn, this regular 
distribution of Mo in the powder compact assisted homogenization 
during SPS [29].

Fig. 1d shows the microstructure and elemental distribution of Ti- 
10Mo after a single SPS cycle of 1 h at 1100◦C and 30 MPa. Despite 
the low diffusivity of Mo in Ti [30], the microstructure is obviously 
uniform beyond the scale of the starting powders. 
Backscattered-electron imaging (Fig. 1d-i) reveals a distinct β-Ti matrix 
with continuous grain-boundary α and evenly dispersed intergranular α 
precipitates, which are features indicative of homogenized β-annealed 
Ti microstructures [31]. Meanwhile, Mo segregation is not detected in 
EDS mapping of the same area (Fig. 1d-ii), affirming favourable sinter
ing and homogenization behaviour from the core-satellite structured 
powders. A full analysis of elemental distribution is presented in Sup
plementary Figure S1(a,b), revealing a highly uniform distribution of 
Mo in the sintered structures, apart from a slight depletion at the 
grain-boundary α regions of the samples with lower Mo content (and β 
stability).

Concurrently, XRD analysis confirms a thorough dissolution of Mo 
particles across all the sintered Ti-Mo alloys (Fig. 2). The distinct BCC- 
Mo peaks found in the powders (blue diamonds, Fig. 2a) are 
completely suppressed after sintering (Fig. 2b), suggesting extensive 
decomposition of elemental Mo. Conversely, peaks corresponding to 
BCC β-Ti (green squares, Fig. 2b) begin to emerge, which implies 
increasing stabilization of the β-Ti phase by the dissolved Mo [32]. These 
β-Ti peaks exhibit a shift towards higher 2θ angles with increasing Mo 
content, which is consistent with the substitution of Ti by Mo atoms of 
slightly smaller atomic radius (Ti: 147 pm, Mo: 139 pm) [33].

Recently, Shahedi Asl et. al reported the presence of remaining un
dissolved Mo in the preparation of SPS Ti-Mo alloys from mixtures of 
<60 μm Ti, and <20 μm Mo powders at 1200◦C [17]. Despite thoroughly 
searching for evidence of such features, these were not found in the 
current dataset. In their study, these defects likely arise from their use of 
larger Mo particles, which are more resistant to dissolution in the SPS 
process. Nonetheless, this discrepancy reveals the sensitivity of alloying 
kinetics to particle size characteristics and sintering. Based on the pre
sent empirical findings, fine Mo particles of <5 μm, and SPS parameters 
of 1 h at 1100◦C and 30 MPa appear to be adequate for promoting 
satisfactory homogenization in as-sintered Ti-Mo alloys with up to 10 wt 
% Mo.

3.2. Crystallography of extruded alloys

The XRD patterns of the extruded Ti-Mo alloys are shown in Fig. 2c. 
All samples apart from CP-Ti consisted of α-Ti and β-Ti peaks, with no 
other detectable phases. The characteristics of the β-Ti peaks followed a 
similar trend to the as-sintered Ti-Mo alloys, i.e. increasing in relative 
intensity and exhibiting a peak shift towards higher 2θ angles with 
increasing Mo content. Once again, this behaviour is attributed to 
increasing β-stabilization and lattice contraction with increasing Mo 
content. In contrast, the variations in the α peak positions were less 
apparent. To characterize the solid solution formation behaviour more 
extensively, and obtain burgers vector lengths for quantitative model
ling, full profile LeBail refinements were performed to obtain the 
average lattice parameters of the α-Ti and β-Ti phases of the extruded Ti- 
Mo alloys (Fig. 2d).

The fitted lattice parameters of extruded CP-Ti (Fig. 2d-i) were 
0.2951 nm and 0.4686 nm in the a and c directions respectively, in close 
alignment with the prototype cell for α-Ti (COD #9008554) [25,26]. In 
Ti-2.5Mo, the a-axis contracts to 0.2949 nm, while the c-axis expands 
slightly to 0.4687 nm. This contraction of the a-axis is consistent with 
partial substitution of Ti atoms in the HCP lattice by Mo [10]. Mean
while, the simultaneous and counter-intuitive expansion of the c-axis 
appears suggest an increase in interstitial solutes. Oxygen and nitrogen 
are known to preferentially occupy octahedral interstices in the HCP 
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lattice, causing an anisotropic expansion of the c-axis [34]. To support 
this theory, the O, N and H contents were measured by the 
inert-gas-fusion method to track changes throughout the processing 
stages (Table 1). While no significant change was observed between 
processing stages, the evaluated O content in the extruded Ti-Mo alloys 
was confirmed to be 11 %–26 % (0.03 wt%–0.072 wt%) higher than 
identically processed CP-Ti. The proportional increase with Mo addition 
suggests the starting Mo powder is the most likely source of this intro
duced oxygen. This trend explains the observed c-axis expansion in 
Ti-2.5Mo.

Between Ti-2.5Mo and Ti-7.5Mo, both a and c axes proceed to line
arly contract to 0.2947 nm and 0.468 nm respectively, as the expansion 
from interstitial O is counteracted by contraction from substitutional 
Mo. Finally, Ti-10Mo exhibits an abrupt contraction of both a and c 
parameters to 0.294 nm and 0.466 nm respectively. These abnormally 
low parameters in Ti-10Mo may potentially arise from the distortion of 
α-Ti peaks by a small fraction of α’’ domains. Orthorhombic α’’ is a 
metastable phase reported in water quenched Ti-Mo alloys, with a 

geometric arrangement somewhere between the β and α lattice struc
tures [35]. However, this theory is impossible to confirm as the α-Ti 
peaks are substantially broadened with peak centres convoluted within 
the stronger β-Ti peaks of this sample; the distinct split peaks of α’’ are 
also not observed. Meanwhile, a more reliable analysis of the β-Ti peaks 
reveals a linear contraction of the a-axis from 0.3277 nm to 0.3253 nm 
between 2.5 wt% and 10 wt% of Mo addition. Fitting a linear trendline 
to the refined β-Ti lattice parameters suggests a contraction of 0.308 pm 
per wt% Mo or 0.592 pm per at% Mo, with an intercept of 0.3284 nm, 
and an R2 coefficient of 0.986. This trend is in good agreement with 
prior reports [10].

3.3. Microstructural characteristics and formation mechanisms

The morphologies of these phases are revealed by EBSD analysis 
(Fig. 3). In this panel of images, the microstructures of each composition 
are shown in backscattered electron images (Fig. 3a), grain boundary 
maps (Fig. 3b), and orientation maps of the α-Ti (Fig. 3c) and β-Ti phases 
(Fig. 3d), taken from the same area. The orientation maps are colour 
coded by inverse-pole-figure (IPF) along the extrusion direction to 
reveal the influence of processing. In complete alignment with the XRD 
trends, increasing Mo content is clearly seen to promote the β phase at 
the expense of the α phase. Across the various compositions, the phase 
fractions transition from near-full-α (98.8 area% in Ti-2.5Mo), to near- 
full-β (97.0 area% in Ti-10Mo). Based on successfully indexed EBSD 
points with a confidence index metric (CI) of greater than 0.1, Ti-7.5Mo 
appears to be the critical composition at which microstructures become 
predominantly β, with 50.4 area% β, and 49.7 area% α. Spatially, this 
change in phase fraction is observed as a refinement of α colonies 
(average 62.5 μm in CP-Ti) towards ultra-fine lath precipitates (< 1 μm) 
contained within larger retained β grains (average 34 μm in Ti-10Mo). 
Full statistical distributions for each phase are presented in Supple
mentary Figure S2. The morphology of these finer α-Ti precipitates in Ti- 
7.5Mo and Ti-10Mo are difficult to resolve by EBSD, and are separately 
presented in Fig. 4a-b.

All microstructures exhibit clear evidence of deformation processing, 
with a distortion of β/prior-β grains towards the extrusion direction 

Fig. 2. X-ray diffraction profiles of (i) CP-Ti, (ii) Ti-2.5Mo, (iii) Ti-5Mo, (iv) Ti-7.5Mo, and (v) Ti-10Mo, in (a) milled powders, (b) as-sintered condition, (c) as- 
extruded condition. (d) Lattice constants of α and β phases in the extruded samples, as refined from the profiles shown in (c). (*) Note the fitted lattice parame
ters of α-Ti in extruded Ti-10Mo may not be accurate due to poorly defined peaks.

Table 1 
Oxygen, nitrogen and hydrogen contents across various stages of processing.

Stage Material Content [wt%]

O N H

Milled Powder CP-Ti 0.298 0.033 0.029
Ti− 2.5Mo 0.316 0.018 0.028
Ti− 5Mo 0.331 0.019 0.029
Ti− 7.5Mo 0.349 0.019 0.029
Ti− 10Mo 0.349 0.022 0.033

Sintered CP-Ti 0.288 0.023 0.034
Ti− 2.5Mo 0.288 0.020 0.030
Ti− 5Mo 0.300 0.018 0.031
Ti− 7.5Mo 0.311 0.019 0.031
Ti− 10Mo 0.328 0.021 0.026

Extruded CP-Ti 0.281 0.021 0.035
Ti− 2.5Mo 0.313 0.020 0.033
Ti− 5Mo 0.330 0.017 0.035
Ti− 7.5Mo 0.337 0.018 0.034
Ti− 10Mo 0.353 0.021 0.031

J. Huang et al.                                                                                                                                                                                                                                   Journal of Alloys and Compounds 1010 (2025) 177195 

4 



Fig. 3. Microstructures of (-i) CP-Ti, (-ii) Ti-2.5Mo, (-iii) Ti-5Mo, (-iv) Ti-7.5Mo and (-v) Ti-10Mo as observed in (a) backscattered electron images, (b) composited 
image quality and grain boundary maps, and orientation maps of the (c) α and (d) β phases, coloured with respect to the extrusion direction.
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(ED). These elongated grains are clearly delineated by distinct grain- 
boundary α (GB-α) in Ti-5Mo, Ti-7.5Mo and Ti-10Mo (Fig. 3a(iii-v)). 
In the latter samples, where the deformed β structure is mostly pre
served, these grains are found to contain a high density of local disori
entations of less than 5◦ (mapped in red in Fig. 3b). Such a large 
concentration of low-angle disorientations suggests a substantial 
amount of dislocations and sub-grains, which form upon plastic defor
mation to accommodate the imposed lattice strains [36]. Concurrently, 
these β grains also exhibit a strong alignment of <110>β along ED 
(mapped as green in Fig. 3d), with a texture intensity of around 10 
multiples of uniform density (MUD). In β-Ti alloys deformed above Tβ, 
such strong textures are reported to arise from the re-orientation and 
alignment of {110}β slip systems along the directions of load and strain 
(i.e. the radial and axial directions of the extrusion die) [37]. Addi
tionally, a weaker <112>β||ED texture of 1–1.5 MUD near is also 
detected in some samples. These latter orientations appear to arise from 
a small fraction of dynamically re-crystallized β grains, which produces 
characteristic necklace formations of fine equiaxed grains (5–10 μm) 
along some grain boundaries in Ti-10Mo (Fig. 4c). This mechanism is 
reported in other Ti alloys deformed at higher super-transus tempera
tures (in the present work, 150–230◦C above Tβ), and are thought to 
result from inhomogeneous deformation with intensified strains at grain 
boundaries [38].

Across all samples, the α grains are configured in micro-textured 
bands with <0001>α||ED and <10–10>α||ED orientations (coloured 
red and blue respectively in Fig. 3c). For discussion purposes, these 
<0001>α||ED areas are henceforth referred to as basal textured regions, 
while the <10–10>α||ED areas are henceforth referred to as prismatic 
textured regions. Both basal and prismatic textures are clearly related to 
the strong <110>β||ED texture of the extruded β phase via the Burgers 
orientation relationship (BOR, {110}β||{0001}α, <1–11>β||<11–20>α) 
[39]. Considering the slip systems of α-Ti, this produces an interesting 
mixture of grains oriented with favourable prismatic <a> slip (prismatic 
textured), and effectively impossible <c> slip (basal textured) [40]. In 
the latter fraction of grains, the Schmid factors of the prismatic <a> slip 
systems are close to zero, and deformation can only realistically proceed 
by <c+a> slip, grain rotation, or grain boundary sliding mechanisms 
[41].

Aside from texture, the two regions are also morphologically distinct; 
where each basal textured region is formed by a single colony of α 
lamellae, oriented at 0◦ to ED; while each prismatic textured region 
consists of multiple finer colonies formed by equiaxed grains and laths 
oriented at 45◦ to ED. The colony boundaries are demarked as the blue 
high-angle grain boundaries (HAGBs) in Fig. 3b, revealing a bimodal 

distribution of effective α grain sizes.1 Both basal and prismatic textured 
α regions are incrementally suppressed and refined with increasing Mo 
concentration. This effect naturally arises from the depression of the β 
transus temperature with increasing Mo concentration, which sup
presses the recrystallization and growth of α after the extrusion process. 
Calculated phase diagrams suggest β transus temperatures (Tβ) of 852◦C, 
825◦C, 797◦C and 773◦C for Ti-2.5Mo, Ti-5Mo, Ti-7.5Mo and Ti-10Mo, 
respectively (Fig. 1g) [23]. Assuming similar air-cooling rates across the 
various compositions, the depression of the β transus delays the onset of 
the diffusive β → α transformation, while its conclusion is accelerated by 
the elevated thermodynamic stability of the β phase; thereby narrowing 
the time and temperature window for α formation.

This β-stability mediated microstructural evolution from Ti-10Mo to 
Ti-2.5Mo provides useful insights into the formation mechanisms of the 
α structures, as each increment effectively represents a snapshot in the β 
→ α transformation. In the early stages of the transformation (captured 
in Ti-10Mo), GB-α heterogeneously nucleates between the β grains, 
while finer α laths of <0.1 μm thickness are found throughout the β grain 
interiors (Fig. 4b-i). At higher magnification (Fig. 4b-ii), these laths 
appear to originate from branching serrations in the GB-α, suggesting 
they form by a Widmanstätten-type mechanism rather than a martens
itic transformation. Both GB-α and Widmanstätten-α are known to 
follow the BOR [42,43], thereby accounting for the strong basal and 
prismatic textures (see IPF in Fig. 3c-v). This mechanism also accounts 
for the morphological orientations of the α laths at 0◦ and 45◦ to ED, as 
these lath orientations are related to the habit planes of different α 
variants [42].

Meanwhile, in Ti-7.5Mo, the reduced β-stability and improved 
atomic mobility enables the growth of these α features into continuous 
GB-α and coarsened laths (Fig. 4a). This coarsening allows these laths to 
be partially resolved by EBSD (Fig. 3c-iv), revealing strong basal texture 
in the α laths oriented at 0◦ to ED, and strong prismatic texture in the α 
laths oriented at 45◦ to ED. This correlation between morphological and 
crystallographic orientations affirms their origin from BOR habit planes. 
These features progressively coarsen with at the lower Mo concentra
tions and are also observed in the CP-Ti sample (suggesting they origi
nate from processing rather than composition). Across all α and α+β 
compositions (CP-Ti to Ti-7.5Mo), the basal textured colonies appear to 
always coarsen more substantially than the prismatic colonies, produc
ing a heterogeneous grain size distribution. This discrepancy likely 

Fig. 4. High-magnification backscattered electron images of fine secondary α laths present in (a) Ti-7.5Mo and (b) Ti-10Mo. (c) Low-magnification composite map of 
image quality and β phase orientation in Ti-10Mo, revealing recrystallized necklace structures.

1 Effective grain size referring to collections of grains with identical crys
tallographic orientation and slip characteristics.
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arises from the favourable orientation of the basal textured laths along 
the elongated prior-β structure, allowing uninterrupted longitudinal 
growth of the laths along ED. Meanwhile, the prismatic laths must 
compete with neighbours with more variants (with <c> axes distributed 
randomly along the radius of the extrusion), leading to more refined 
colony structures. An investigation of elemental distribution 
(Supplementary Figure S1(c,d)) confirms no correlation between Mo 
concentration and the size and texture characteristics, suggesting the 
bimodality predominantly arises from the variant selection and growth 
inhibition processes.

Additionally, a small fraction of equiaxed α grains are observed to be 
interlaced amongst the finer colonies of the prismatic textured regions. 
These grains tend to show prismatic, or <11–20>||ED textures and are 
consistent with spheroidized α lamellae. Such grains are reported to 
form both dynamically (during deformation in the α+β region), and 
statically (usually by post-annealing) [20]. Considering these become 
more prominent with reduced Mo content and make up a considerable 
fraction of the CP-Ti extrusion (bottom half of Fig. 3c-i), it is more 
probable that temperatures are dropping below Tβ during the extrusion 
of these composition. However, a contribution from self-annealing 
during the air-cooling process cannot be completely excluded.

3.4. Mechanical properties

The room-temperature engineering stress-strain curves of the 
extruded Ti-Mo alloys are presented in Fig. 5a, showing a large range of 
tensile properties across the five compositions. The trends in tensile 
properties, with respect to Mo content are presented in Fig. 5b, and 

numerically summarized in Table 2. Both yield (σYS) and ultimate tensile 
strengths (σUTS) exhibit a monotonic rise from ~500 MPa to ~1500 MPa 
from 0–10 wt% Mo, while ductility (measured by total elongation to 
failure, εF) appears to remain quite stable up to 5 wt% Mo. At 7.5 wt% of 
Mo addition and beyond, εF abruptly drops. However, these latter ma
terials are remarkably strong with Ti-10Mo exhibiting exceptional 
strengths of σYS ≈ 1380 MPa / σUTS ≈ 1500 MPa, and an acceptable total 
elongation of εF ≈ 10 %. Meanwhile, Ti-2.5Mo and Ti-5Mo demonstrate 
exceptional tensile toughness (UT). UT is a metric used to quantify the 
capacity of energy absorbed by a material before fracture (typically 
defined by the total area under the tensile curve or approximated by 
multiplying σUTS by εF). In these samples, the remarkable increase in 

Fig. 5. (a) Room-temperature tensile curves of as-extruded (i) CP-Ti, (ii) Ti-2.5Mo, (iii) Ti-5Mo, (iv) Ti-7.5Mo, and (v) Ti-10Mo samples. (b) Trends of yield strength 
(σYS), ultimate tensile strength (σUTS), local elongation (εL), uniform elongation (εU), and tensile toughness (UT) in extrusions of varying Mo content. (c) Hardening 
curves of the same samples, with necking points identified by Considères construction. (d) Vickers micro-identation hardnesses of the same samples, on planes 
perpendicular to the extrusion (ED) and normal directions (ND).

Table 2 
Tensile and microindentation hardness properties of as-extruded materials.

Material Tensile Properties Hardness

σYS 

[MPa]
σUTS 

[MPa]
εF 

[%]
UT [MJ. 
m− 3]

ND 
[HV0.1]

ED 
[HV0.1]

CP-Ti 476.8 ±
1

626.4 ±
3

33.9 
± 3

199.5 ±
19

234.0 ±
17

225.3 ±
17

Ti− 2.5Mo 821.5 ±
7

933.6 ±
1

31.9 
± 1

287.4 ±
10

301.5 ±
17

290.3 ±
15

Ti− 5Mo 1007.9 
± 19

1112.9 
± 16

34.1 
± 6

361.3 ±
73

343.6 ±
11

322.0 ±
12

Ti− 7.5Mo 1226.5 
± 4

1317.3 
± 4

13.6 
± 0

166.4 ±
5

385.9 ±
10

393.8 ±
7

Ti− 10Mo 1382.8 
± 9

1496.5 
± 23

9.9 ±
1

132.5 ±
19

431.7 ±
13

437.2 ±
9
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strength with limited sacrifice to total elongation significantly enhances 
the tensile toughness of these samples, producing an exceptional 180 % 
increase in UT from 199 MJ.m− 3 in CP-Ti to 361 MJ.m− 3 in Ti-5Mo.

Strain hardening curves are presented in Fig. 5c to analyse the uni
form elongation (εU) and hardenability trends. From the necking insta
bility points (round markers, identified by the Considère’s construction 
method [44]), εU is first seen to increase slightly from a true strain of 
14.5 % (CP-Ti) to 15.8 % (Ti-2.5Mo) before the trend reverses with 
further Mo addition (to 10.9 %, 6.6 % and 5.9 % for Ti-5Mo, Ti-7.5Mo 
and Ti-10Mo, respectively). This pattern is also observed in the hard
enability, which also initially increases at 2.5 wt% Mo, before dimin
ishing below the CP-Ti baseline with further addition. These reductions 
in uniform elongation and hardenability are likely associated with the 
higher dislocation densities in the high Mo samples after extrusion (as 
indicated by the high disorientations in the retained β samples shown 
Fig. 3b). Conversely, the relatively crystalline α laths retain good 
hardenability characteristics and suppressing the onset of necking.

Like strength, micro-indentation hardness (Fig. 5d) also presents a 
monotonic increase from an average of 230 HV0.1 in CP-Ti to an average 
of 434 HV0.1 in Ti-10Mo. Notably, in CP-Ti, Ti-2.5Mo and Ti-5Mo, the 
planes perpendicular to the extrusion direction were slightly harder than 
the planes perpendicular to the normal direction; while the Ti-7.5Mo 
and Ti-10Mo samples showed more comparable hardnesses across the 
two planes. The increased anisotropy at lower Mo content likely reflects 
the bi-modal α texture of these samples. Indentations performed in the 
extrusion axis are simultaneously hardened by both the <c> axis 
orientation of the basal textured regions, and the refined grain structure 
of the prismatic textured regions; while the indentations performed in 
the normal direction encounter the more deformable <a> directions of 
the coarse basal textured regions [40]. Meanwhile, the BCC symmetry of 
β expose favourable {110} slip systems to both directions, which pro
duces relatively isotropic performance in the β dominant samples.

Considering the exceptional properties of Ti-2.5Mo, and Ti-5Mo, the 
deformed microstructures were further investigated to provide insight 

into the deformation distribution in these materials. Fig. 6 presents 
kernel-average-misorientation (KAM) maps of the materials before and 
after tensile testing (the deformed structures are taken from the uni
formly deformed section). Under deformation, KAM values are expected 
increase in regions of high-strain due to increased lattice curvature from 
increased dislocation activity, thereby revealing the partition of strain in 
a material. As seen in a cross-comparison of the IPF and KAM maps in 
Fig. 6(a-b), both basal (red) and prismatic textured (blue) regions show 
similar KAM intensity in the undeformed structures. However, KAM 
values intensify much more substantially in the prismatic textured re
gions after deformation (Fig. 6(c-d)). Meanwhile, the KAM value in the 
centres of individual basal textured grains (marked by white arrows in 
Fig. 6(c-d)) remain very low (<1.5◦), which suggests limited deforma
tion in these areas.

Additionally, the morphology and crystallographic orientation of 
these basal textured grains do not appear to change substantially, 
remaining as coarse lamellar colonies with major axes, and <c> di
rections oriented along ED. Twinning is also not observed. Considering 
the KAM values in these areas only increase near their boundaries, the 
only reasonable deformation mechanisms in these grains appear to be 
the intrinsically hard <c+a> slip [40], or more complex grain boundary 
sliding mechanisms [41]. On the other hand, the prismatic textured laths 
can be seen to rotate towards ED in support of plasticity. The unde
formed prismatic grains typically exhibit major axes with 45◦ angle to 
ED, while the deformed prismatic grains exhibit angles of <30◦ to ED. 
Considering the crystallographic texture of these regions also remain 
unchanged, this morphological rotation is most likely supported by 
progressive slip rather than bulk crystal rotation. Overall, this periodic, 
elongated arrangement of these soft and hard regions causes the 
microstructure to behave like a fibre composite under tensile loading, 
enabling simultaneous strength and ductility. The basal textured regions 
provide strength, while the prismatic textured regions support plasticity.

Fig. 7 shows the post-fracture surfaces of the tensile test specimens. 
In line with the observed tensile properties, fracture features transition 

Fig. 6. Microstructures of (a,b) undeformed and (c,d) deformed microstructures of (-i) Ti-2.5Mo, and (-ii) Ti-5Mo, as shown in (a,c) orientation maps of the α phase 
and (b,d) kernel-average-misorientation maps. The deformed microstructures are captured from the uniformly deformed region of the tensile specimen (i.e., outside 
of the necked region).
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from finely dimpled surfaces (ductile nucleation and coalescence of 
voids) in 0–5 wt% Mo (Fig. 6a-c), to a mix of dimples and larger facets 
(semi-brittle fracture) in 7.5 and 10 wt% Mo (Fig. 6d-e). Compared to 
CP-Ti, the dimple features in Ti-2.5Mo and Ti-5Mo are more refined, 
correlating with the refinement of grain structures [45]. Some partial 
cracks are also observed in Ti-5Mo, likely arising from the small fraction 
of retained β in this composition. As previously discussed, these retained 
β grains are substantially strain hardened and likely to serve as crack 
nucleation sites. However, the cracks formed in Ti-5Mo appear to be 
prevented from propagating substantially by the surrounding grain 
structure, as they must either cleave through the continuous basal 
textured colonies or propagate through the complex boundaries of the 
finer prismatic colonies. With increasing β fraction in Ti-7.5Mo and 
Ti-10Mo, semi-brittle failure occurs with a mix of ductile fracture and 
intergranular fracture at β/GB-α/β interfaces. These samples appear to 
retain acceptable (i.e. >10 % εF) ductility due to relative discontinuity 
of GB-α sections with orientations perpendicular to the tensile (and 
extrusion) direction.

3.5. Strengthening mechanisms

In consideration of to the microstructures in Fig. 3, the large range of 
mechanical properties can clearly be attributed to the large variation in 
phase constitution and grain morphology between samples of varying 
Mo content. To clarify the strengthening mechanisms responsible for 
these exceptional properties, a quantitative analysis was prepared from 

theoretical models and experimentally obtained parameters. Specif
ically, theoretical models for room-temperature conditions and quasi- 
static strain rates were selected. For each phase, the intrinsic lattice 
strength (σPN) was considered in combination with contributions from 
solid-solution strengthening (ΔσSS), dislocation strengthening (ΔσDS), 
and grain-boundary strengthening (ΔσGB) (Eq. 1). This produced an 
estimated yield strength for the phase (σYS,i), which was subsequently 
weighted by the area fraction of the phase (fi) from EBSD analysis (Eq. 
2). 

σYS,est = σPN,i +ΔσSS,i +ΔσDS,i +ΔσGB,i (1) 

σYS = fασYS,α + fβσYS,β (2) 

The intrinsic lattice strength is related to the resistance to dislocation 
propagation by the Peierls-Nabarro (PN) stress. This is approximated by 
the critically resolved shear stress (τCRSS) of a high-purity lattice, free of 
other strengthening mechanisms. In high purity α-Ti, experimental 
studies into high purity titanium have reported minimum τCRSS values of 
~90 MPa for the prismatic slip system [40]. However, the intrinsic 
lattice friction of high-purity β-Ti is impossible to determine considering 
its instability at room temperatures. Nonetheless, BCC crystals are well 
reported to exhibit higher P-N stresses than their HCP counterparts and 
are reported to exhibit P-N stresses in the range of 5 × 10− 3 times the 
shear modulus [46,47]. On the basis of this relationship, an estimated 
τCRSS value of 195 MPa was adapted for β-Ti based on a shear modulus of 
39 GPa [48]. From these values, σPN,i was calculated using 

Fig. 7. Fracture surfaces of as-extruded (a) CP-Ti, (b) Ti-2.5Mo, (c) Ti-5Mo, (d) Ti-7.5Mo and (e) Ti-10Mo showing a transition from fine ductile dimples to a multi- 
modal fracture with both dimpled regions and larger intergranular fracture facets.
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experimentally obtained Taylor factors for each phase (Mi) in every 
composition (Eq. 3). 

σPN,i = MiτCRSS,i (3) 

Meanwhile, the solid-solution strengthening effects in each phase 
were modelled using a Labusch-type multi-component solid solution 
strengthening model [49]. This model accounts for the combined 
hardening effect of multiple solutes by their individual atomic concen
trations (cj), and hardening parameters (Bj) in each solvent phase (Eq. 
4). The values of Bj,i are a function of shear modulus and lattice 
parameter mismatches between solutes atoms and the solvent lattice, 
which generates additional resistance against dislocation activity. For 
Ti, the parameters for O, N and Mo in both α and β phases are well re
ported in literature [48,50,51]. These values have been adapted for the 
present work. To account for the atypical textures of the extruded ma
terials, the hardening parameters from literature are re-adjusted for the 
experimentally observed Taylor factors (Mexpt.) based on the Taylor 
(Mlit.) or Schmid (mlit. ) factors of the relevant work as per Eq. 52. 

ΔσSS,i =

(
∑

j
B

3
2
j,icj,i

)2
3

(4) 

Badj. = Blit.
Mexpt.

Mlit.
= Blit.Mexpt.mlit. (5) 

Continuing with lattice level effects, the dislocation strengthening 
component was predicted by the Taylor relationship (Eq. 6), where the 
increase in σYS from the entanglement of dislocations is modelled as a 
function of the Taylor factor, the shear modulus (G), the Burgers vector 
(b), a constant (α) and the density of dislocations (ρ). For each phase, M 
and ρ were calculated from EBSD data, while values for Gα and Gβ were 
taken as 45.6 and 39 GPa, respectively [48]. Meanwhile, a value of 0.2 
was adapted for both αα and αβ based on reports of similarly deformed Ti 
alloys [52]. 

ΔσDS,i = MiGibiαi
̅̅̅̅ρi

√ (6) 

Finally, the grain-boundary strengthening component was predicted 
by the well-established Hall-Petch relationship (Eq. 7), where the in
crease in σYS from the resistance of dislocation transfer across grain 
boundaries is modelled by the grain size d and a material dependant 
constant k. Average equivalent grain diameters were taken from 
reconstructed EBSD grains, while values of 0.2 MPa.m− 2 for kα, and 
0.75 MPa.m− 2 for kβ were adapted from literature [27,48]. A more 
complex consideration of low-angle grain boundary (LAGB) and HAGB 
influences was not considered as there was no significant variation in 
LAGB/HAGB ratio between α dominant samples (Supplementary 
Table S1). Meanwhile, such an analysis cannot sufficiently account for 
the phase differences in the α+β samples. 

ΔσGB,i = kid
−

1
2

i (7) 

The values predicted for σYS using this model are compared with 
experimental values in Fig. 8a, while the experimental parameters and 
variables are numerically outlined in Table 3. Here, the total solid so
lution strengthening contribution is presented, however a detailed 
breakdown of the individual solute contributions in each phase is 
available in Supplementary Table S2. Overall, a reasonable fit is ob
tained by inputting experimental derived parameters into the solid- 
solution strengthening, dislocation strengthening and grain refinement 
models. Evidently, oxygen solid-solution-strengthening plays an 

important role in producing the baseline strength observed in pure Ti 
alloys (~400 MPa), however the remarkable strengthening observed 
with Mo addition is predominantly from grain refinement and disloca
tion hardening components. These are both effects significant effects 
produced by the thermomechanical processing of the β-stabilized 
compositions.

Other studies into metastable β-Ti alloys have reported possible in
fluences on mechanical behaviour from orthorhombic α’’ and hexagonal 
ω precipitates [53]. Specifically, martensitic α’’ is usually associated 
with transformation and twinning induced plasticity (TRIP/TWIP), 
while ω precipitates are reported to follow a strength-ductility trade-off 
consistent with age hardening [54]. However, the characterization 
methods used in the present study are inadequate for a reliable detection 
and analysis of these phases due to their small crystallite sizes and 
similar interplanar spacings. In XRD, these phases are usually reported 
as broad, low-intensity peaks, and are often convoluted into nearby α/β 
peaks due to their similar interplanar spacings. For the same reasons, 
Hough-based EBSD struggles to differentiate the phases and cannot 
provide enough spatial resolution to resolve fine nano-domains [55]. 
However, considering TRIP/TWIP characteristics are not observed in the 
tensile behaviour of the present materials, and the cooling conditions do 
not favour a large fraction of these phases, a deeper characterization of 
these metastable phases will entail further work beyond the scope of the 

Fig. 8. (a) Theoretically modelled strengthening contributions from intrinsic 
strength (σPN), solid solution strengthening (σSS), dislocation strengthening 
(σDS), and grain boundary strengthening (σGR) weighted by phase fractions (fα 
and fβ). (b) Yield strengths and tensile toughnesses in the present binary Ti-Mo 
alloys compared to reported properties in literature by various vacuum-arc- 
remelting (VAR) [56–58], additive manufacturing (AM) [59–63], and powder 
metallurgy (PM) based methods [16,17]. Reports from cold-rolled (CR) [64–66]
and thermomechanically processed (TMP) [18,19] samples are sepa
rately marked.

2 Some reporting works empirically fit hardening parameters to their 
experimentally obtained Schmid factors for the prismatic slip system. These are 
approximated into Taylor factors by assuming a reciprocal relationship, i.e. M =
1/m
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study.
In the current strengthening model, any effect from the presence of 

these precipitates is likely to be accounted for by the dislocation 
strengthening component, which relies on the disorientations captured 
in EBSD. Lattice distortions produced by nanoscale ω precipitates, or fine 
α’’ martensite would effectively be captured and modelled as additional 
dislocations in the β-phase. Therefore, any strengthening produced by 
the limited presence of these elements would be effectively treated as 
dislocations in the β lattice. Nonetheless, given the remarkable strength- 
ductility balance achieved in this series of alloys, the nature of these 
precipitates are certainly an interesting topic of study for future work, 
alongside further investigation of dynamic mechanical properties like 
fatigue. In the meantime, the excellent performance from the current 
series of Ti-Mo is self-evident in a comparison of σYS and UT from a broad 
survey of other reported Ti-Mo alloys prepared by other methods 
(Fig. 8b). These datapoints include various binary compositions of 
1.5 wt%–20 wt% Mo prepared by vacuum arc remelting (VAR), various 
additive manufacturing techniques (AM), and other powder metallurgy 
methods (PM). Although extrusions are limited in applicability, the 
strength-ductility balance achieved in the present work vastly out
performs all of these prior works. This finding clearly highlights a strong 
potential for Ti-Mo alloys prepared by other thermomechanical pro
cessing routes, which appears to be underrepresented in the literature.

4. Conclusions

In this work, a series of binary Ti-Mo alloys containing 2.5–10 wt% 
with excellent strength and toughness was fabricated from elemental 
powders. Using a two-stage process of spark plasma sintering and hot- 
extrusion, the powders were consolidated into high density materials 
with exceptional mechanical performance that arises from the thermo
mechanically processed microstructures. The key findings are summar
ised as follows: 

1) Single step spark-plasma-sintering for 1 h at 1000◦C was sufficient to 
produce fully homogeneous Ti-Mo alloys of up to 10 wt% without 
further post-homogenisation treatments. Elemental Mo, and Mo 
enriched regions were not detected by either XRD or EDS analyses.

2) XRD analysis confirmed stabilisation of the β-phase with increasing 
Mo addition. Both extruded α and β lattices showed progressive 
contraction with increasing Mo content, suggesting increasing 
dissolution into both lattices as substitutional solutes.

3) Mo significantly altered the microstructure development of extruded 
Ti in the range of 0–10 wt% addition. Progressive refinement of α-Ti 
grains is observed at lower additions of 2.5 wt% and 5 wt%, as the β 
→ α transformation becomes progressively suppressed by the 
increased β stability. EBSD reveals almost equal fractions of α and β 
at 7.5 wt%, while a highly deformed β structure is completely 
retained at 10 wt%.

4) Across the compositions, α microstructures appear to develop 
through the progressive coarsening of Widmanstätten colonies in 
micro-textured bands with basal and prismatic poles oriented along 
the extrusion direction. These originate from variants of the Burgers 
orientation relationship derived from deformed β microstructures 
with strong <110> texture in the extrusion direction.

5) These microstructures produced significant improvements mechan
ical properties over similarly processed CP-Ti. Ti-5Mo exhibited 
exceptional tensile toughness with twice the strength of CP-Ti at no 
cost to ductility, while Ti-10Mo achieved an extraordinary strength 
of over 1400 MPa while maintaining an elongation of ~10 %.

6) This excellent tensile toughness appears to be enabled by a combi
nation of solid-solution strengthening, dislocation strengthening, 
and grain refinement effects with a fracture resistant configuration of 
grains produced by thermomechanical processing. The entire series 
of materials vastly outperforms all other reported Ti-Mo alloys in 
terms of strength-ductility balance.

In combination, these findings reveal the high potential of obtaining 
excellent and tailorable properties from the compositionally simple, and 
relatively cheap Ti-Mo system. They also demonstrate the remarkable 
utility of thermomechanical processing in developing ultra-strong tita
nium alloys with excellent specific strength.
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Table 3 
Experimentally derived parameters used for theoretical modelling of strengthening mechanisms and estimated strengthening contributions.

Experimental Parameters Theoretical Estimates

Material fβ Mα Mβ ρα ρβ dα dβ σ0 ΔσSS ΔσDS ΔσGB σYS,est

[area%] [-] [-] [1015 m− 2] [1015 m− 2] [μm] [μm] [MPa] [MPa] [MPa] [MPa] [MPa]

Ti− 2.5Mo 1.30 % 1.97 2.98 1.29 3.61 8.01 0.63 182.6 376.7 193.4 116.8 869.5
Ti− 5Mo 7.10 % 1.95 3.11 1.83 3.22 5.91 0.92 205.8 379.3 236.8 172.8 994.7
Ti− 7.5Mo 49.70 % 1.89 3.1 2.08 3.99 3.98 6.62 383.7 309.0 331.4 231.6 1255.7
Ti− 10Mo 97.00 % 1.96 3.07 1.99 4.30 0.98 34.0 594.3 248.0 437.7 147.0 1427.0
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