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1 Introduction
With the rapid development of the aerospace industry, 
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the requirements for structural materials for aerospace 
are increasingly focused on lightweight, high strength, 
and high toughness[1-4]. To adapt to this development 
trend, ultra-high strength and toughness titanium alloys 
(tensile strength>1,300 MPa, fracture toughness>
55 MPa·m1/2), as high-performance lightweight metals, 
are becoming a highly valued new structural material 
in the field of high-tech new materials[5-8]. It is widely 
recognized that ultra-high strength and toughness 
titanium alloys, as a typical structural material, 
are characterized by three fundamental properties: 
strength, plasticity, and fracture toughness. Achieving 
an optimal balance among these properties is inherently 
challenging[9-11], as their interdependence presents a 
well-documented contradiction in metallurgy. Due 
to inherent contradictions at the source, ultra-high 
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strength and toughness titanium alloys are currently almost 
completely in a bottleneck period of development and have 
not been able to be truly applied. However, research on higher 
strength titanium alloys exceeding 1,300 MPa has never been 
interrupted[12-15]. Researchers continuously strive to improve 
material properties on the basis of matching strength and 
toughness through microstructural design and optimized 
element configurations.

Typically, ultra-high strength and high toughness titanium 
alloys exhibit an α+β two-phase microstructure, wherein the α 
precipitation phase serves to reinforce the β phase matrix[16-18]. 
The mechanical properties of alloys depend on the properties 
of the two phases and their matching. Achieving precise 
control over the composition, proportion, and morphology of 
these phases is essential for the comprehensive optimization 
of alloy strength and toughness[19-21]. The most fundamental 
aspect of alloy design is composition design[22-24]. Ultra-high 
strength and toughness titanium alloys often have 5-8 alloying 
elements. This is because different elements have different 
contributions to the mechanical/physical properties, process 
performance, and cost of alloys[25,26]. The traditional “trial and 
error” microstructural control method, with high cost and low 
efficiency, has become a key issue restricting the development 
of ultra-high strength and toughness titanium alloys. Therefore, 
the appropriate and rapidly selection of these elements remains 
a focal point of research in the field. 

From the perspective of alloy composition design, the 
molybdenum equivalent (Mo[eq]) serves as a critical parameter 
in the context of β-Ti alloys, as it influences the quantity 
and stability of the metastable β phase that can be preserved 
during quenching processes[27,28]. Typically, a Mo[eq] value of 
at least 10 is required to ensure the stabilization of the β phase 
during quenching[29,30]. From previous studies, when the Mo[eq] 
is maintained within the range of 9 to 15, the alloy exhibits 
elevated strength in both annealed and solution-aged conditions. 
Conversely, values of Mo[eq] that are either too high or too low 
do not facilitate strength enhancement[31]. This phenomenon 
can be attributed to the fact that within the 9 to 15 range, 
the ratio of α to β phases in titanium alloys approaches 1:1, 
resulting in mutual constraints between the two phases. This 
interaction inhibits grain growth, which is advantageous 
for enhancing the strength and toughness of the alloy, while 
simultaneously increasing the α/β interface area, which is an 
essential and effective mechanism for impeding dislocation 
movement in β-type titanium alloys.

Therefore, the Mo[eq] method was used to efficiently screen 
for the optimal composition range of titanium alloys with high 
strength and toughness potential in this study, which can be 
expanded to high strength and toughness designs in all titanium 
alloy fields. The Ti-xMo-4Al-4Zr-3Nb-2Cr-1Fe (Tix44321) 
alloy system is selected as the target for investigation based 
on the previous work by our team[32]. The effects of Mo 
element on the phase constitution, microstructure evolution, 
β grain size were explored, and corresponding strengthening 
and toughening mechanism of the titanium alloy were also 

revealed. The aim is to provide high-quality ingots for 
designing ultra-high strength and toughness β titanium alloys 
based on in-depth research on some basic issues of Mo 
element doping, and lay a certain theoretical foundation for 
the theoretical research and composition development of new 
ultra-high strength and toughness titanium alloys.

2 Materials and methodology
The designed alloys Ti-xMo-4Al-4Zr-3Nb-2Cr-1Fe alloy 
(hereinafter referred to as 5Mo, 6Mo, 7Mo, 8Mo, and 9Mo) 
were prepared utilizing a vacuum non-consumable melting 
furnace with a water-cooled copper crucible. The melting 
procedure was executed five times to achieve a homogeneous 
composition. The phase types present in the alloys were 
analyzed employing an X-ray diffractometer, specifically the 
Empyrean model. The microstructural characteristics of all 
alloys were examined using a Quanta 200F field emission 
scanning electron microscope, manufactured by FEI. Statistical 
analysis of the microstructure features was performed using 
Image Pro Plus 6.0 software. Additionally, fine microstructure 
morphology was observed with a Talos F200X transmission 
electron microscope.

The tensile properties and fracture toughness of the alloy 
were evaluated using an Instron 5569 electronic universal 
testing machine. The tensile specimens were designed in 
a dog bone shape measuring 30 mm×2.2 mm×2 mm. The 
room temperature fracture toughness test was conducted in 
accordance with ASTM E-399 standard, using a single-sided cut 
three-point bending specimen with dimensions of 20 mm (L)×
4 mm (W)×2 mm (B), and a U-shaped notch with a depth of 
2 mm was prefabricated at the center of the sample. The 
loading rates set at 1 mm·min-1 for the tensile tests and 
0.5 mm·min-1 for the toughness assessments. Each sample was 
conducted three times to ensure the reliability of the results, 
and the average value was taken as the final result.

Mo[eq] is an important approach for the composition design 
of titanium alloys, and its calculation equation is as follows:

    Mo[eq]=%Mo+%Ta/4+%Nb/3.3+%W/2+%V/1.4+%Cr/0.6
    +%Ni/0.8+%Mn/0.6+%Fe/0.5+%Co/0.9 (wt.%)               (1)

In this study, only the content of Mo was the variable, the 
Mo[eq] value of the alloy system is solely related to the Mo 
content. According to the above formula, the Mo[eq] is calculated, 
and the results are shown in Table 1. The Mo[eq] value of this 
alloy system is between 11 and 16, and it increases linearly with 
the increase of Mo content. The Mo[eq] of 5Mo-8Mo alloy is 
within the theoretically optimal range (9-15), while 9Mo alloy, 
as a comparison, exceeds the optimal range.

Table 1: Mo[eq] value of as-cast Tix44321 alloy with different 
Mo contents

Alloy 5Mo 6Mo 7Mo 8Mo 9Mo

Mo[eq] 11.24 12.24 13.24 14.24 15.24
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Fig. 1: XRD patterns (a) and partial enlarged image (b) of 
as-cast Tix44321 alloy with different Mo contents

shown in Fig. 1(b), confirms the obvious rightward shift of this 
peak and the lattice distortion caused by the solid solution of 
Mo element.

In addition to the phase constitution, the Mo content 
inevitably affects the β grain size, α phase morphology, and the 
ratio of α and β phases in titanium alloys. Therefore, SEM was 
used to observe the alloy microstructure under different Mo 
contents, and the results are shown in Fig. 2. The morphology 
and size of β grains in as-cast titanium alloys are one of the key 
factors affecting their mechanical properties, so the β grains 
are firstly observed at low magnification. Alloys with different 
Mo contents all have coarse β grains, which is one of the main 
limiting factors for further improving the strength of as-cast 
titanium alloys. The β grains of 5Mo alloy exhibit elongated 
columnar grain characteristics, with the largest grain size at 
about 650 μm. As the Mo content increases to 6Mo alloy, the 
β grains transition into a more equiaxed form, resulting in a 
decrease in aspect ratio and a reduction in grain size, reaching 
a minimum of about 362 μm at 6Mo alloy. However, with 
further increases in Mo content, the equiaxed degree of β  
grain morphology decreases and the size increases.

Observing the α phase inside the β grain (as shown in the 
orange circle in Fig. 2) at high magnification and combining 
it with XRD data to statistically analyze the phase content of 
the two phases, it is evident that as the Mo content increases, 
the α phase content gradually decreases from 11% in the 
5Mo alloy to almost unobservable in the 9Mo alloy. The 9Mo 
alloy presents a clean and pure β phase state. In addition, 
the distribution of α phase inside the β grains is not uniform 
and exhibits a random distribution characteristic. At higher 
magnifications, it is observed that in addition to the phase 
content, the morphology of the α phase also changes with the 
increase of Mo content. The α phase in 5Mo alloy exhibits 
short rod-shaped shapes with slightly larger aspect ratios, 
with an average length of about 2.4 μm. When the Mo content 
exceeds 6wt.%, the α phase gradually shows an equiaxed and 
short spherical, and the α phase size decreases accordingly. 
When the Mo content continues to increase to 7wt.%, the α 
phase achieves a fully spheroidized state, and the size is further 
refined. Subsequent increases in Mo content do not influence 
the size or morphology of the α phase, but rather result in a 
continued decrease in the content of the α phase.

The microstructure of 5Mo and 9Mo alloys was observed 
using TEM, and the results are shown in Fig. 3. For 5Mo 
alloy, the randomly observed α phases at different positions 
are distributed in a long strip shape with a great aspect ratio, 
and the distribution is uneven. Most of them are arranged in a 
parallel state without directionality, which is consistent with 
the phenomenon observed in SEM images. There are not many 
dislocations observed inside the alloy, mostly concentrated 
at the phase α/β interface, existing in the form of single 
dislocation lines or arranged as dislocation walls. In 9Mo 
alloy, a large area of pure β phase structure is observed, with a 
clean interior and almost no presence of α phase. In addition, 
due to the lack of second phase or precipitated phase, there are 
almost no defects such as dislocations in 9Mo alloy.

3 Results
3.1 Content and size of α/β phase and 

dislocations at α/β phase interface
As one of the most important β-stabilizing elements, the 
content of α and β phases is closely related to Mo content. 
Therefore, XRD technology was used to investigate the 
phase constitution of alloys with different Mo contents, and 
the results are shown in Fig. 1. The alloys with different 
Mo contents exhibit a single peak of the β phase, and 
no characteristic peak of the α phase is observed. This 
phenomenon indicates that the high β stability coefficient of 
the alloy system results in a diminished α phase content and 
the characteristic peak of the β phase is much higher compared 
to the α phase. In addition, no characteristic peaks of other 
phases are observed, confirming that all Mo elements dissolve 
into the interior of the two phases and no new phases form, 
indicating that Mo primarily contributes to solid solution 
strengthening during subsequent strengthening processes. 
Although no significant presence of α phase is observed in the 
as-cast state by XRD, the Mo equivalent of these alloys is in 
the range of 11-16, which helps to form a 1:1 ratio of α/β after 
hot working.

The XRD diffraction peaks of alloys with different Mo 
contents exhibit two different points. Firstly, there is a 
rightward shift in the β phase peak as Mo content increases. 
In addition, the β phase consistently exhibits a (110) preferred 
orientation across all Mo contents. Specifically, both the 
5Mo and 7Mo alloys show only the (110) diffraction peak. 
In contrast, the 6Mo alloy not only retains the (110) peak but 
also displays a notably intense (211) peak. As the Mo content 
further increases, the intensity of the (211) peak decreases. 
Moreover, when the Mo content exceeds 8wt.%, a (200) peak 
emerges. These observations indicate that variations in Mo 
content not only influence the β phase content but also modify 
the orientation of the β phase. Considering that the atomic 
radius of Mo atoms is 0.136 nm, which differs by 6.2% from 
the atomic radius of titanium (Ti) atoms at 0.147 nm, the 
incorporation of Mo is likely to induce lattice distortion within 
the alloy. The partial enlarged image near the peak of (110), as 

(a) (b)
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Fig. 2: SEM microstructure images and related data statistics of as-cast Tix44321 alloys with different Mo contents: 
(a1-a3) 5Mo alloy; (b1-b3) 6Mo alloy; (c1-c3) 7Mo alloy; (d1-d3) 8Mo alloy; (e1-e3) 9Mo alloy; (f) average size 
of β grains; (g) relative content of α and β phases; (h) average size of α phase

Fig. 3: TEM microstructure images of as-cast Tix44321 alloys with different Mo contents: (a1-a3) morphology of α 
phase in 5Mo alloy; (b1-b3) dislocations in 5Mo alloy; (c1-c3) microstructure of 9Mo alloy
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Fig. 5: Fracture toughness of as-cast Tix44321 alloys with 
different Mo contents

Fig. 4: Tensile curves and corresponding tensile strength and strain of as-cast Tix44321 alloys with different Mo 
contents: (a) tensile curves; (b) tensile strength and strain

3.2 Tensile strength, strain, and fracture 
toughness

Due to the solid solution effect of Mo element on the 
microstructure, the mechanical properties of alloys with 
different Mo contents are inevitably different. The tensile 
properties were tested, and the results are shown in Fig. 4. 
Alloys with different Mo contents exhibit the tensile strength 
fluctuating in the range of 800-1,000 MPa. Compared to tensile 
strength, the change in tensile strain is greater, increasing 
from a minimum of 7% to a maximum of nearly 13%, almost 
doubling the plasticity. In addition, a rare phenomenon of 
synergistic improvement in strength and plasticity is observed 
in this alloy system. The strength and plasticity are the 
lowest in the 5Mo alloy, with values of 867 MPa and 7.3%, 
respectively. It reaches its maximum in the 6Mo alloy, where 
the strength and plasticity increase to 984 MPa and 12.8%, 
respectively. At this point, the strength increases by 13.5% 
and the plasticity increases by 75.3%. This phenomenon 
indicates that the increase in Mo element has a greater effect 
on the plasticity of the alloy Subsequently, as the Mo content 
continues to increase, both the strength and plasticity decrease. 

The fracture toughness of the as-cast Tix44321 alloy was 
tested, and the results are shown in Fig. 5. The fracture 
toughness reaches a minimum value of 56 MPa·m1/2 in the 
5Mo alloy, and reaches a maximum value of 74 MPa·m1/2 when 
the Mo content increases to 6wt.%. At this point, the fracture 
toughness of the alloy increases by 32.1%, and then shows a 

decreasing trend with the continued increase of Mo content. 
The fracture toughness of all alloys exceeds 55 MPa·m1/2, 
meeting the requirements of high toughness titanium alloys. 

Based on the comprehensive design criteria of Mo[eq] and 
the variation law of strength and toughness, within the Mo[eq] 
range of 11-16, the strength and toughness show a trend of 
firstly increasing and then decreasing with the increase of 
Mo[eq]. Specifically, when the Mo[eq] is in the range of 12-14, 
it is most advantageous to obtain alloys with high strength 
toughness matching, corresponding to a Mo content within 
the range of 6wt.%-8wt.%. And in this range, it can even 
meet the requirements of ultra-high toughness in the as-cast 
state, indicating that this alloy system has great potential as a 
candidate alloy system for ultra-high strength and toughness 
titanium alloys. In particular, 6Mo alloy is the most suitable 
candidate alloy component for ultra-high strength and toughness 
titanium alloys.

The tensile fracture surface and crack propagation path of 
alloys with different Mo contents are shown in Fig. 6. The 
macroscopic tensile fracture of 5Mo alloy shows obvious 
intergranular fracture characteristics, indicating that the fracture 
mode of the alloy is brittle fracture. After magnification, a 
stepped river pattern is observed in the microstructure, and 
a very small number of dimples are observed at the grain 
boundaries, as shown by the orange circle in Fig. 6(a2), which 
improve the plasticity of the alloy to a certain extent. As the 
Mo content increases, there is a corresponding improvement 

(a) (b)

in plasticity, characterized by a greater density of smaller 
dimples at the fracture surface, with the grain size associated 
with intergranular fracture being smaller than that observed in 
the 5Mo alloy. The 7Mo alloy, which demonstrates the second 
highest level of plasticity, similarly exhibits dense dimples 
and river patterns. However, with further increases in Mo 
content, a reduction in the number of dimples is noted, and the 
intergranular fracture mode becomes increasingly pronounced. 

Analysis of the crack propagation path reveals that the 6Mo 
alloy, which exhibits the highest toughness, possesses the 
most complex crack trajectory and the longest crack length. 
Furthermore, pronounced extrinsic toughening features, such 
as crack bridging and branching, are observed in 6Mo alloy. 
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Fig. 6: Tensile fracture morphology (a1-e2) and fracture toughness crack propagation path (f1-f5) of as-cast Tix44321 
alloys with different Mo contents: (a1-a2) 5Mo alloy; (b1-b2) 6Mo alloy; (c1-c2) 7Mo alloy; (d1-d2) 8Mo alloy; 
(e1-e2) 9Mo alloy; (f1) 5Mo alloy; (f2) 6Mo alloy; (f3) 7Mo alloy; (f4) 8Mo alloy; (f5) 9Mo alloy
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These extrinsic toughening mechanisms are also identified in 
7Mo alloy, which ranked second in toughness. Conversely, 
the crack propagation paths of the 5Mo and 9Mo alloys, 
which exhibit lower toughness, are characterized by reduced 
tortuosity and shorter lengths, with no external toughening 
features identified, resulting in lower toughness.

4 Discussion
The results show that variations in Mo content within the 
as-cast Tix44321 alloys predominantly influence the size 
and morphology of β grains, the proportion of α/β phases, 
and exert a minor effect on the α phase morphology. 
These changes lead to changes in the strength, toughness, 
and plasticity of the alloy. Specifically, the β grain size of the 
alloy firstly decreases and then increases with the increase of 
Mo content, reaching a minimum value at 6wt.%; while the 
strength, plasticity, and toughness of the alloy firstly increase 
and then decrease with increasing Mo content, reaching a 
maximum value at 6wt.%. The following analysis provides a 
concise overview of the factors influencing the microstructure 
and mechanical properties of the as-cast Tix44321 alloys 
containing Mo.

4.1 Reasons for grain refinement and the 
decrease in α phase content

Firstly, the negative mixing enthalpy between Mo and other 
elements (such as Ti, Zr, and Nb)[33] in the alloy leads to the 
release of heat during the solidification process, partially 
offsetting the effect of structural undercooling and promoting 
the formation of equiaxed grains. Due to the existence of 

smaller β grain size in the 6Mo alloy, the grain growth rate 
under isothermal conditions can be expressed as[34]:

 =k1D -1e-  
dD

RT
Q

dt
(2)

where D is the grain size, t is time, k1 is a constant, Q is the 
activation energy for grain growth, R is the gas constant, 
and T is the absolute temperature. Many studies have been 
conducted[35,36] to investigate the activation energy of grain 
growth in titanium alloys. The difference in activation energy 
for grain growth is mainly attributed to β phase transition 
temperature (Tβ) or element addition. The decrease of Tβ and 
the increase of Mo content will increase the activation energy 
of grain growth in this alloy system. Therefore, when the Mo 
content is appropriately increased, the β grains are refined to a 
certain extent. In addition, the increased Mo solute atoms also 
to some extent inhibit the migration of β grain boundaries and 
increase the resistance to grain growth[37].

Secondly, our results indicate that not only is the crystal 
structure of the alloy system sensitive to Mo content, but the 
morphology of the α phase is also influenced by Mo content. 
When the Mo content in the system increases to 9wt.%, the β 
phase becomes the only dominant phase. This change in phase 
content can be attributed to the difference in atomic radii 
(11 pm) between the solute atoms, Mo and Ti, which results 
in the dissolution of Mo within the Ti matrix and a consequent 
reduction in lattice parameters. Such changes may lead to 
variations in the morphology of the α phase during the β→α 
phase transition process[38]. It is well established that the α 
phase is formed from the β phase during the cooling process 
of the alloy, and the content of the α phase largely depends 
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on the stability of the β phase. As the Mo content increases, 
the stability of the β phase improves, and the transition 
temperature from β phase to α phase decreases, further 
inducing the formation of a high proportion of β phase and 
corresponding low content of α phase. Therefore, the presence 
of Mo element stabilizes the β-Ti structure and promotes 
spontaneous passivation of the alloy. When the Mo content 
increases to a certain extent, only a single β phase exists in the 
alloy. In addition, according to the Ti-Mo phase diagram, Mo 
expands the gaps in the (α+β) phase region, indicating that the 
volume fraction of the α phase decreases with increasing Mo 
content. 

In addition, Mo is a slowly diffusing element and has an 
element redistribution effect in titanium alloys, so the growth 
rate of the α phase is controlled by the diffusion of Mo from 
the α phase to the surrounding β phase. The increase of 
Mo element hinders the growth of α phase, resulting in the 
refinement of α phase size in the microstructure with the 
increase of Mo content.

4.2 Mechanism for synergetic improvement of 
strength and toughness

Due to the aforementioned microstructure changes, the 
mechanical properties of Ti-xMo alloy system are affected by 
these factors, mainly including solid-solution strengthening 
of Mo element, refinement of β grain, and changes in α/β 
phase content. According to the XRD results, no alloy samples 
containing Mo exhibit the formation of any compounds, 
suggesting that Mo exists completely in the form of solid 
solution within the Ti lattice. Compared with Ti, Mo atoms 
with smaller atomic radii dissolve into the matrix phase to form 
a solid solution. The lattice distortion caused by the difference 
in atomic radius enhances the resistance to dislocation motion 
and promotes the increase in alloy strength. 

Compared with 5Mo alloy, 6Mo alloy has achieved a 
synergistic improvement in strength, toughness, and plasticity, 
and this significant improvement in mechanical properties 
can be attributed to the synergistic effects of various factors. 
Firstly, with the increase of Mo content, the solid solution 
strengthening of the alloy is further enhanced, thereby 
improving its strength. Secondly, with the increase of Mo 
content, the size of β grains and α phases in the alloy further 
decreases, and the effect of fine grain strengthening begins to 
emerge, further enhancing its strength. This can be verified 
by the Hall-Petch formula[39,40]. However, the effects of solid 
solution strengthening and β grain refinement seem insufficient 
to explain the enhanced plasticity of 6Mo alloy. Compared 
with 5Mo alloy, the content of β phase in 6Mo increases. The 
body-centered cubic (BCC) structure of the β phase possesses 
a greater number of slip systems than the hexagonal close-
packed (HCP) structure of the α phase. An increased number 
of slip systems enhances the capacity for plastic deformation 
and provides a greater number of pathways for dislocation 
movement within the metal matrix. Alloys with multiple slip 
systems develop a denser dislocation network, which promotes 
the rapid formation of dislocation entanglements and enhances 

the probability of dislocation interactions. These behaviors 
facilitate plastic deformation, thereby ultimately improving 
toughness.

In addition to solid solution strengthening, variations in 
the content and size of the α phase also play a critical role 
in determining the strength of titanium alloys. The β phase, 
characterized by its lower hardness, is the initial region 
to experience yield and plastic deformation during tensile 
testing. Conversely, the small-sized α phase within the β 
phase is deemed non-peelable, which inhibits the proliferation 
and movement of dislocations, thereby inducing β phase 
hardening. Furthermore, the surrounding α phase restricts 
the deformation of the β phase, thereby limiting dislocation 
motion at the α/β interface. Geometrically necessary 
dislocations are the result of the strain distribution and 
deformation between the α and β phase regions[41-43], which 
are crucial for improving strength. Therefore, the presence of 
small-sized α phases greatly enhances the strength of the alloy. 
More specifically, the strength will increase with the increase 
of α phase concentration and the decrease of α phase size. 
As the Mo content continues to increase, it is found that the 
strength-plasticity-toughness of the alloy decreases, which is 
attributed to the almost complete presence of β phase in the 
microstructure and very few α grains. Although solid solution 
strengthening still works, the coarsening of grains and the 
almost non-existent α phase make the pinning effect of a small 
amount of α grains ineffective during stretching, resulting in a 
decrease in strength instead.

Above all, the increase in Mo content means the increase 
in the solid solution strengthening caused by Mo element. 
At the same time, the increase in its content means more β 
phase and less α phase. The appropriate increase in solid 
solution strengthening will lead to the refinement of β grains, 
resulting in an improvement in fine grain strengthening. At 
the same time, the decrease in the precipitation content of 
α phase leads to a reduction in precipitation strengthening. 
Therefore, in order to achieve the best matching of strength 
and toughness, it is necessary to control the Mo content within 
a certain range, so that it has fine β grains and a certain amount 
of α phase, ensuring that solid solution strengthening, fine 
grain strengthening, and precipitation strengthening reach the 
equilibrium point as much as possible, thereby maximizing 
the strengthening effect of the alloy. For this system, the 
results have also summarized that when the Mo[eq] is 12-14, 
that is, the Mo content is within the range of 6wt.%-8wt.%, 
it can maximize the strength and toughness of titanium alloys 
simultaneously.

5 Conclusions
This study adopted the Mo[eq] method to design Ti-xMo-4Al-
4Zr-3Nb-2Cr-1Fe alloys, and the effect of Mo element on the 
phase constitution, microstructure evolution, β grain size, and 
corresponding strengthening and toughening mechanism of 
titanium alloy was explored. The main conclusions are as follows:
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(1) The Mo[eq] value of this alloy system is between 11 and 
16, and it increases linearly with the increase of Mo content. 
The alloys with different Mo contents exhibit a single peak 
of the β phase and no characteristic peaks of other phases are 
observed.

(2) The β grains in 5Mo alloy exhibit elongated columnar 
grain characteristics, with the largest grain size at about 650 μm.
As the Mo content increases, the β grains transition into a 
more equiaxed shape in 6Mo alloy resulting in a decrease in 
aspect ratio and a reduction in grain size, reaching a minimum 
of about 362 μm at 6Mo alloy.

(3) As the Mo content increases, the α phase content 
gradually decreases and the α phase is almost unobservable in 
9Mo alloy. The α phase in 5Mo alloy exhibits short rod-shaped 
shapes with an average length of about 2.4 μm, while the α 
phase in 6Mo alloy shows both equiaxed and short rod shape.

(4) The strength, plasticity, and toughness are the lowest in 
the 5Mo alloy, with values of 867 MPa, 7.3%, and 56 MPa·m1/2, 
respectively. However, they reach maximum in the 6Mo 
alloy, where the strength, plasticity, and toughness increase to 
984 MPa, 12.8%, and 74 MPa·m1/2, respectively. At this point, 
the overall performance is the best, corresponding to a Mo[eq] 
of 12.24.

(5) The negative mixing enthalpy between Mo and other 
elements leads to the release of heat during the solidification 
process , par t ia l ly offset t ing the effect of s t ructural 
undercooling and promoting the formation of equiaxed grains. 
The mechanical properties of Ti-xMo alloy system are affected 
mainly by solid-solution strengthening of Mo element, 
refinement of β grain, and changes in α/β phase content.
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