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1 Introduction
High-performance near-β titanium alloys are critical 
structural materials in advanced aerospace and marine 
applications, driven by their exceptional strength-to-weight
ratio[1-3]. The development of next-generation components 
requires an exceptional synergy of mechanical
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properties, particularly high levels of both strength 
and fracture toughness[4]. A fundamental challenge 
impeding this goal is the inherent strength-toughness 
trade-off, where conventional strengthening pathways 
often detrimentally affect fracture resistance[5-7]. Therefore, 
innovative alloy design strategies are essential to 
overcome this antagonistic relationship[8, 9].

Alloying with β-stabilizing elements is a proven 
approach to tailor the microstructure and mechanical 
properties of titanium alloys[10, 11]. Among these, 
tantalum (Ta) is a particularly compelling candidate[12]. 
As an isomorphous β-stabilizer, Ta effectively enhances 
the matrix strength via solid-solution strengthening[13, 14].
Crucially, its atomic radius is proximate to that of 
Ti, which minimizes lattice distortion and is thus 
beneficial for retaining toughness and ductility during 
strengthening[15-18]. This assertion is supported by 
first-principles calculations, which indicate a strong 
interatomic bonding between Ta and Ti[19], suggesting 
a significant potential for improving mechanical 
performance[20].

Our preliminary investigations identified the 
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Ti-4Al-6Cr-5Mo-5Nb alloy as a promising castable system, 
however, it exhibits a suboptimal strength-toughness balance 
that fails to meet the stringent performance targets. To address 
this limitation, the present study systematically investigates 
the influence of micro-alloying with Ta on this base alloy. The 
primary objective is to achieve a concurrent enhancement 
in strength and toughness by strategically tailoring the 
microstructure, specifically through the refinement and 
morphological control of the α-phase precipitates. This work 
elucidates the governing mechanisms by examining the 
evolution of phase constitution, microstructural features, and 
the resultant mechanical properties in the newly developed 
Ti-4Al-6Cr-5Mo-5Nb-xTa alloys.

2 Materials and methodology 
Alloys with nominal compositions of Ti-4Al-6Cr-5Mo-5Nb-xTa
(x=0, 0.4, 0.8, 1.2, 1.6, and 2.0, in wt.%) were prepared from 
high-purity starting materials. These included sponge Ti 
(≥99wt.%), Mo, Al, Cr, Ta (≥99wt.%), and a Ti-50Nb master 
alloy. The fabrication was conducted in a high-vacuum arc 
furnace, where each ingot was flipped and remelted four times 
to achieve a homogeneous distribution of the constituent 
elements.

The chemical compositions of the alloys were verified using 
an Axios-PW4400 X-ray spectrometer. Phase identification 
was performed using X-ray diffraction (XRD) with a Cu Kα
radiation source. The phase transformation temperatures 
were determined via differential scanning calorimetry (DSC). 
The sample mass was approximately 200 mg, and it was 
heated to 1,000 °C at a heating rate of 10 °C·min-1. For 
microstructural characterization, a suite of microscopy 
techniques was employed, including optical microscopy (OM, 
Olympus GX71), scanning electron microscopy (SEM, Merlin 
Compact), and transmission electron microscopy (TEM, FEI 
Talos F200X). 

Mechanical properties were evaluated at ambient temperature 
using an Instron5569 universal testing machine. Uniaxial tensile 
tests were performed on dog-bone shaped specimens with a gauge 
section of 15 mm (length)×2.2 mm (width) ×2 mm (thickness). 
For fracture toughness evaluation, single-edge notched 
specimens with dimensions of 16 mm×4 mm×2 mm were 

utilized. Tensile and fracture toughness tests were performed 
at constant crosshead speeds of 1 mm·min-1 and 0.5 mm·min-1, 
respectively. To ensure statistical reliability, all reported values 
are the average of at least three independent tests. The plane-
strain fracture toughness (KIC) value can be manifested as 
follows:

                                                                                                (1)
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(2)

where PQ is the conditional load, S=16 mm is the loading 
span (with S=4W), W=4 mm is the width of the specimen. 
The sample thickness is denoted by b=2 mm, and a=2 mm 
represents the pre-crack length.

3 Results
3.1 Chemical composition of alloys with 

varing Ta content
The measured chemical compositions of the as-cast alloys 
are listed in Table 1. The results demonstrate that the actual 
elemental contents are in close agreement with the nominal 
compositions. This confirms that the vacuum arc melting 
process provided excellent control over the alloy chemistry, 
yielding ingots that are representative of the designed 
compositions and suitable for subsequent microstructural and 
mechanical analysis.

3.2 Phase constitution with varying Ta content
The phase constitution of the as-cast Ti-4Al-6Cr-5Mo-5Nb-xTa
alloys was characterized by X-ray diffraction (XRD), with the 
patterns presented in Fig. 1. The results indicate that all alloys 
are composed of a primary body-centered cubic (BCC) β phase 
and trace amounts of a hexagonal close-packed (HCP) α phase. 
The absence of any additional peaks confirms the complete 
solid solution of Ta within the alloy matrix.

Table 1: Chemical composition of selected alloys (wt.%)

Nominal
composition

Measured composition

Ti Al Cr Mo Nb Ta

0Ta Bal. 3.92±0.12 6.04±0.06 4.91±0.17 5.09±0.09 -

0.4Ta Bal. 4.05±0.12 5.86±0.06 4.88±0.17 4.89±0.09 0.42±0.01

0.8Ta Bal. 3.88±0.12 5.93±0.06 4.95±0.17 5.07±0.09 0.85±0.01

1.2Ta Bal. 3.81±0.12 5.98±0.06 4.99±0.17 4.82±0.09 1.17±0.01

1.6Ta Bal. 4.07±0.12 6.01±0.06 5.07±0.17 4.99±0.09 1.64±0.01

2.0Ta Bal. 4.01±0.12 5.92±0.06 5.01±0.17 4.92±0.09 2.02±0.01
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A key observation from the X-ray diffractograms is a 
systematic shift of all peaks toward higher 2θ angles with 
increasing Ta content. As detailed in Fig. 1(a), the prominent 
β-(110) peak shifts from 39.46° to 39.93° as Ta concentration 
increases from 0 to 1.6wt.%. Similarly, the α-(103) peak shifts 
from 71.44° to 71.55° [Fig. 1(b)]. According to Bragg’s Law 
[2dsinθ=nλ], this shift to higher diffraction angles corresponds 
to a decrease in the interplanar spacing (d-spacing), signifying 
a contraction of the unit cell lattice. This phenomenon can be 
attributed to the difference in atomic radii between the solute 
and solvent atoms. Ta acts as a substitutional element in the Ti 
matrix, forming a substitutional solid solution. Since the atomic 
radius of Ta (0.143 nm) is smaller than that of Ti (0.147 nm),
the replacement of Ti atoms by smaller Ta atoms induces a 
lattice contraction. Consequently, this reduction in lattice 
parameters leads to the observed shift of diffraction peaks to 
higher 2θ angles. The low intensity of α-phase peaks in XRD 
reflects its low volume fraction (<10vol.%) in the β-dominated 
as-cast microstructure. 

3.3 Phase transition temperature with varying 
Ta content

The phase transformation behavior of the Ti-4Al-6Cr-5Mo-
5Nb-xTa alloys was investigated using high-temperature 
differential scanning calorimetry (DSC), with the resulting 
thermograms presented in Fig. 2. During the heating cycle, 
each alloy exhibits a single, distinct exothermic peak, which 
corresponds to the α→β phase transformation. The β-transus 
temperature (Tβ), taken as the peak temperature of this 
endotherm, shows a clear dependence on Ta content. The Tβ 
is the highest for the 0.4Ta alloy, recorded at approximately 
780 °C. As the Ta concentration is further increased to 2.0wt.%, 
the Tβ systematically decreases to 721 °C, confirming the 
β-stabilizing effect of Ta. Conversely, during the cooling 
segment, no exothermic peaks corresponding to the β→α 
transformation, are observed in any of the alloys.

This absence can be attributed to several factors related 
to the experimental conditions and alloy characteristics. 

Fig. 1: XRD results of Ti-4Al-6Cr-5Mo-5Nb-xTa alloys: (a) XRD pattern; (b) magnification of the yellow box area in Fig. 1(a)

Fig. 2: DSC test results of Ti-4Al-6Cr-5Mo-5Nb-xTa alloys

Firstly, the cooling rate employed in DSC (10 °C·min-1) is 
relatively moderate, which may result in a sluggish and diffuse 
transformation that produces a broad, weak thermal signal 
difficult to detect above the baseline noise. Secondly, the strong 
β-stabilizing effect of the alloying elements (particularly Ta, Mo, 
Nb, and Cr) significantly suppresses the β→α transformation 
kinetics, potentially shifting the transformation to lower 
temperatures or requiring longer times to complete. Thirdly, 
in near-β titanium alloys with a high β-stabilizer content, the 
transformation may occur gradually over a wide temperature 
range rather than at a sharp transformation temperature, 
making it challenging to identify a distinct exothermic peak. 
Despite the absence of a clear peak during cooling, the 
presence of α phase in the as-cast microstructure (confirmed 
by XRD in Fig. 1 and SEM in Fig. 5) indicates that the β→α 
transformation does occur, but under the slow solidification 
and cooling conditions of arc melting rather than during the 
controlled DSC cooling cycle.

(b)(a)
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method. For each alloy composition, at least 50 grains were 
measured from different regions of the sample, and the average 
value was calculated as the representative grain size. The 
results are shown in Fig. 4. It is observed that as the content 
of Ta increases from 0 to 2.0wt.%, the β grain size decreases 
from 2.4 mm to 0.3 mm, representing a reduction of 87.5%.

To characterize the detailed microstructure and α-phase 
morphology within the β matrix at higher resolution, scanning 
electron microscopy (SEM) was employed. Figure 5 presents 
the high-magnification SEM images of the Ti-4Al-6Cr-
5Mo-5Nb-xTa alloys. It can be seen that only α and β phases 
are observed, confirming that Ta dissolves completely in 
the β-Ti matrix within the investigated composition range 
(0-2.0wt.% Ta) without forming any intermetallic compounds 

3.4 Microstructures and morphologies of β 
grains with varying Ta content

Figure 3 shows the macroscopic images of the as-cast 
Ti-4Al-6Cr-5Mo-5Nb-xTa alloys, characterized by coarse 
β grains. Due to the limited magnification and resolution of 
camera-based imaging, the fine α-phase precipitates are not 
visible at this scale, and these images primarily reveal the 
overall β grain morphology and size. This structure dominated 
by large-sized β phases is a direct result of the strong 
β-stabilizing effect of alloying elements. The addition of Ta, 
an isomorphous β-stabilizer, plays a crucial role. Possessing a 
body-centered cubic (BCC) crystal structure identical to that 
of β-Ti, Ta exhibits complete solid solubility within the matrix. 

This characteristic not only decreases the β→α transformation 
temperature but also inherently prevents the formation of 
intermetallic compounds. Furthermore, the minimal tendency 
for segregation associated with Ta ensures a chemically 
homogeneous β-phase matrix upon solidification.

It is worth noting that the β grain morphology changes 
significantly with varying Ta content. As the Ta addition 
increases, the β grains gradually transform from slender 
columnar to equiaxed, accompanied by a continuous 
refinement in grain size. To quantitatively calculate the average 
grain size, the microstructure of the alloy was collected by 
multi-region and multi-view scanning pictures. The β grain 
size was determined using the equivalent circle diameter 

Fig. 3: Macroscopic images of β grains in Ti-4Al-6Cr-5Mo-5Nb-xTa alloys obtained using a high-resolution camera: 
(a) 0Ta; (b) 0.4Ta; (c) 0.8Ta; (d) 1.2Ta; (e) 1.6Ta; (f) 2.0Ta

Fig. 4: Average β grain size

(b)

(e)

(c)

(f)

(a)

(d)
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or other new phases. This behavior is consistent with Ta acting 
as an isomorphous β-stabilizer, as it shares the same BCC 
crystal structure as β-Ti. In addition, the cast structure of the 
alloy consists of coarse β grains and dispersed primary α phase 
(αp) and secondary α phase (αs). The primary α phase presents 
an elongated band, while the secondary α phase exhibits a 
finer, granular morphology. With the increase of Ta content, 
the β grains gradually transform from coarse columnar to 
fine equiaxed morphology, and the density of intragranularly 
distributed α phase increases. Microstructure observations 
also show that the size (both length and width) of the primary 
α phase (αp) first increases and then decreases with increasing 
Ta content. Concurrently, the orientation of the αp phase 
evolves from a disordered arrangement toward a more defined 
alignment, which improves the alloy’s plasticity to a certain 
extent. The coarse primary α phase (αp) can also hinder crack 
propagation, change the crack propagation path, increase the 
force required for crack propagation, and thus improve the 

fracture toughness of the alloy. Observations of the secondary 
α phase (αs) show that its size remains relatively uniform. 
However, with increasing Ta content, the average size of the αs 

phase exhibits a non-monotonic trend: initially increasing and 
then decreasing. It is worth noting that with the addition of Ta 
element, the α phases at grain boundaries become increasingly 
continuous and well-developed, reaching its maximum size 
at a Ta content of 1.6wt.%. At this composition, dislocation 
motion is more effectively impeded at the grain boundaries, 
which contributes to enhanced plasticity of the alloy.

3.5 Fracture toughness and tensile properties 
with varying Ta content

All alloys exhibit typical ductile behavior with distinct elastic 
and plastic deformation stages. Figure 6 shows the tensile 
fracture morphology of the designed alloys. As shown in 
Figs. 6(a) and (a'), the fracture surface of the alloy matrix without 
element Ta exhibits an obvious mixed fracture, displaying 

Fig. 5: SEM images of Ti-4Al-6Cr-5Mo-5Nb-xTa alloys: (a) 0Ta; (b) 0.4Ta; (c) 0.8Ta; (d) 1.2Ta; (e) 1.6Ta; (f) 2.0Ta

(b)

(d)

(f)

(a)

(c)

(e)
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characteristics of both brittle and ductile failure. With the 
addition of Ta element, the ductile fracture becomes dominate, 
and the fracture mechanism transitions to a typical microporous 
aggregation mode, indicating a significant improvement in the 
alloy’s plasticity. In addition, dimples of different densities, 
phase interfaces, tearing edges, and some river patterns can be 
observed in the fracture surfaces of all alloys. With the increase 
of Ta element content, the size of the dimple gradually increases, 
reaching a maximum at 1.6wt.% Ta, indicating that the toughness 
reaches its peak at this composition. For the alloy without Ta 
addition, the fracture morphology exhibits an obvious tear 
edge. With the addition of Ta, this feature gradually diminishes 
and eventually disappears. However, when the Ta content 
reaches 2.0wt.%, the tear edge reappears, as shown in Fig. 6(f),
indicating that excessive Ta adversely affects the alloy’s 
plasticity, which is also confirmed by the tensile strength 
curve. At the same time, the interface of α/α and α/β phases are 
observed in Figs. 6(b) and (e). On one hand, these interfaces 
facilitate the propagation of cracks and improve the plasticity 
of the alloy; on the other hand, the refined αs phase may hinder 
the propagation of microcracks and promote the improvement 
of alloy strength.

Figure 7(a) clearly illustrates the fracture behavior of the 
alloys with different Ta contents, and Fig. 7(b) shows their 
fracture toughness values. It is observed that the fracture 

toughness of the alloy first increases and then decreases with 
the increase of Ta. When the content of Ta is 0wt.%, the 
collective fracture toughness value of the alloy is 41 MPa·m1/2, 
which is at a medium level in the near-β titanium alloy in 
as-cast state. When the Ta content increases to 1.6wt.%, the 
fracture toughness of the alloy reaches a peak of 55 MPa·m1/2, 
which is 34.1% higher than that of 0Ta alloy. The increase 
of Ta content has a significant effect on the improvement of 
the fracture toughness of the alloy. However, when the Ta 
content reaches 2.0wt.%, the fracture toughness of the alloy 
decreases, due to the over-refinement of the α phase. An 
excessively fine α microstructure fails to effectively deflect 
the propagating crack, resulting in a relatively straight crack 
path. Consequently, less energy is dissipated during crack 
propagation, leading to a deterioration in fracture toughness. It 
is worth noting that with the increase of Ta element, both the 
strength and toughness of the alloy are significantly improved. 
Therefore, it is believed that addition of Ta has a positive 
effect on simultaneous enhancement of strength and toughness 
of near-β titanium alloys. Consequently, further research 
into heat treatment and thermal deformation of the designed 
Ti-4Al-6Cr-5Mo-5Nb-xTa alloys holds significant promise for 
achieving optimal strengthening and toughening.

Tensile strength tests and fracture toughness tests were 
conducted. Figure 8 depicts the relationship between the 

 Fig. 6: Fracture morphology and crack propagation pathways of Ti-4Al-6Cr-5Mo-5Nb-xTa: (a) and (a') 0Ta; 
(b) 0.4Ta; (c) 0.8Ta; (d) and (d') 1.2Ta; (e) and (e') 1.6Ta; (f) 2.0Ta

(a) (a') (b)

(c)

(e)

(d)

(e')

(d')

(f)
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tensile properties of the designed alloy and Ta content, and the 
values of ultimate tensile strength (UTS), yield strength (YS), 
elongation (EL), and fracture toughness (KIC) for the designed 
alloys are summarized in Table 2.

The influence mechanism of Ta content on the tensile 
strength of alloy is mainly due to microstructural modifications 
induced by varying Ta levels. With the increase of Ta content, 
the tensile strength of the alloy first increases and then 
decreases, which is similar to the change trend of elongation. 
The maximum tensile strength and elongation values of 0Ta 
alloy matrix are 694 MPa and 36.3%, respectively. When the 
Ta content increases to 1.6wt.%, both the tensile strength and 

Fig. 7: Load-strain curves (a) and fracture toughness (b) of Ti-4Al-6Cr-5Mo-5Nb-xTa

elongation reach their peak values of 735 MPa and 50.1%, 
respectively, representing improvements of 5.9% and 38.0% 
compared to the 0Ta alloy.

The high elongation values achieved in these alloys reflect 
the combined effect of multiple deformation mechanisms active 
throughout the tensile deformation process. The substantial 
β grain refinement from 2.4 mm to 0.3 mm with Ta addition 
promotes more uniform strain distribution across the gauge 
length. Furthermore, the dispersed distribution of the α phase 
also plays a role in coordinating deformation and preventing 
premature failure.

3.6 Analysis of microstructure evolution during 
tensile deformation process

To further analyze the reasons for the high plasticity exhibited 
by the alloy during deformation, TEM images of the 
microstructure near the tensile fracture surface of the alloy 
with 1.6wt.% Ta addition were taken.

As shown in Fig. 9(a), the microstructure of the alloy 
consists of a β matrix, relatively coarse primary α phase 
(αp), and dispersely distributed secondary α phase (αs). 
High-magnification observation in Fig. 9(b) further reveals that 
the secondary α phase appears as fine needle-like or lamellar 
morphologies and distributed in a crisscross pattern within the 
β matrix. The calibration results of the corresponding selected 
area electron diffraction (SAED) patterns show that the α 
phase and the β matrix satisfy the classical Burgers orientation 
relationship: (110)β//(0001)α' and β//[11-20]α'. These 
dispersely distributed nanoscale α' phases, acting as hard 
particles, are the key to achieving precipitation strengthening 
and strength improvement of the alloy.

In the deformed structure, distinct deformation twins are 
observed in Fig. 9(c). The SAED pattern, acquired along 
the [123] zone axis of the BCC β phase, clearly shows both 
matrix diffraction spots and twin diffraction spots that exhibit 
mirror symmetry with respect to the (222) twin composition 
plane. This symmetric distribution of reflections is the direct 
crystallographic evidence for {112}<111> type deformation 
twins, which are commonly observed in BCC β-titanium 
alloys. The formation of twins is another important plastic 
deformation mechanism besides dislocation slip. It can 

Fig. 8: Tensile properties of Ti-4Al-6Cr-5Mo-5Nb-xTa alloys

(a) (b)

Table 2: Tensile properties and fracture toughness of 
Ti-4Al-6Cr-5Mo-5Nb-xTa alloys

Alloy UTS (MPa) YS (MPa) EL (%) KIC (MPa·m1/2)

0Ta 694±25 654±32 36.3±1.3 41±3

0.4Ta 707±28 668±42 38.1±1.4 45±4

0.8Ta 723±32 678±37 39.2±1.2 46±4

1.2Ta 725±21 682±29 40.1±1.3 50±2

1.6Ta 735±35 701±38 50.1±1.2 55±3

2.0Ta 729±26 699±24 44.6±1.4 49±3
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effectively coordinate plastic deformation and improve the 
ductility of materials. At the same time, as a new type of grain 
boundary, the twin boundary can impede the movement of 
subsequent dislocations, resulting in strong work hardening, 
which is crucial for achieving a simultaneous increase in both 
strength and plasticity.

Figure 9(d) reveals the presence of a high density of stacking 
faults in the matrix at the atomic scale. These stacking faults 
appear as local disruptions in the perfect periodic stacking 
structure of the crystal. In β-titanium alloys, the appearance 
of a large number of stacking faults usually indicates that the 
alloy has a low stacking fault energy (SFE)[21].

These TEM observations collectively point to the core role 
of Ta element in enhancing the properties of the alloy. As a 
β-stabilizing element, Ta dissolves into the β matrix, which 
significantly reduce the stacking fault energy of the system. 
On one hand, the low stacking fault energy promotes the 
initiation and propagation of deformation twins and activates 
the twinning-induced plasticity (TWIP) effect. This is the key 
reason why the alloy can simultaneously achieve high strength 
and high plasticity. On the other hand, the low stacking fault 
energy also makes dislocations tend to move in a planar slip 
mode, enhancing the interaction between dislocations and 
further improving the work hardening ability.

Fig. 9: Multi-scale TEM microstructures of deformed Ti-4Al-6Cr-5Mo-5Nb-1.6Ta alloy: (a) low-magnification 
bright-field TEM microstructure morphology; (b) secondary α' martensite and SAED patterns; (c) nano 
twinned structure and SAED pattern; (d) HRTEM image of stacking fault inside α' lamella

4 Discussion
4.1 Effect of Ta on phase content and size
As an isomorphous β-stabilizer with a BCC crystal structure 
identical to β-Ti, Ta theoretically has high solid solubility in 
the β phase[22]. Previous studies on Ti-Ta binary alloys have 
demonstrated extensive mutual solubility, particularly in the β 
phase field, so the addition of Ta greatly enhances the stability of 
β phase. In addition, as an element with a high melting point, large 
atomic radius, and slow diffusion rate, Ta hinders the transition 
process from β phase to α phase in the matrix. Therefore, with the 
increase of Ta content in the alloy, the phase transition process 
from the β phase to the α phase becomes difficult, therefore, the α 
phase content in the alloy decreases while the β phase increases. 
In addition, the solid-dissolved Ta atoms, acting as substitutional 
solutes in the matrix, promote the nucleation of the α phase while 
inhibiting its growth rate. The increase in Ta content can also 
promote the nucleation of α phase in more orientations, thereby 
reducing the size of α phase. From the measurement results of the 
phase transition temperature, it can be seen that as the Ta content 
increases, the phase transition temperature of the alloy decreases. 
Therefore, the generated α phase has sufficient time to grow, 
and when the Ta content exceeds 1.6wt.%, it will lead to a slight 
increase in the size of α phase.

(b)(a)

(c) (d)
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4.2 Effect of Ta addition on β grain size
As a high melting point alloying element, Ta promotes the 
heterogeneous nucleation of β grains. This enhances competitive 
growth among the β grains, ultimately leading to their 
refinement. In addition, the increase in Ta content also causes 
the solidification front to produce component supercooling, and 
to a certain extent, it can also increase the nucleation points in 
the liquid phase region, resulting in the refinement of β grains. 
The microstructure refinement effect of Ta on titanium alloys 
is also related to its influence on the parameters related to the 
crystallization process of the alloy[21]. When the new phase 
crystallizes in a melt that satisfies the supercoolance condition, 
the uniform nucleation rate (N) can be calculated using Eq. (1):

                v               (1)
where Kv refers to a constant, ΔGk stands for the nucleation 
energy, ΔGA represents the activation energy of atoms 
transferred from liquid to nucleus, k is the Boltzmann constant, 
and T is the absolute temperature. The nucleation energy of 
new phase, ΔGk, is described as follows:

π
                               

(2)

where σ is the solid-liquid interfacial energy, Tm is the melting 
temperature, Lm is the latent heat of fusion per unit volume, and 
ΔT is the degree of supercooling. Ta, acting as a surface-active 
element, reduces the interfacial energy (σ), thereby lowering 
the nucleation barrier (ΔGk) and significantly enhancing the 
nucleation rate (N).

4.3 Strength-toughness synergy mechanism 
of Ti-4Al-6Cr-5Mo-5Nb-xTa alloys

The simultaneous enhancement of strength and toughness 
observed in the Ti-4Al-6Cr-5Mo-5Nb-xTa alloys, particularly 
in the 1.6Ta composition, is a result of a sophisticated interplay 
of multiple strengthening and toughening mechanisms acting at 
different scales. The addition of Ta orchestrates a hierarchical 
microstructure optimized for mechanical performance, which 
can be elucidated through the combined effects of solid solution 
strengthening, grain boundary strengthening, precipitation 
strengthening, and deformation-induced twinning.

It can be seen from Figs. 3, 4, and 6 that the tensile strength 
and fracture toughness of the designed alloy exhibit a trend of 
first increasing, peaking at 1.6wt.% Ta, and then decreasing with 
further Ta addition beyond 1.6wt.%. This initial simultaneous 
improvement in strength and toughness is likely associated with 
the substitutional solid solution of Ta in the matrix, refinement 
of β grains, and the consequent increase in grain boundary area. 
The balanced microstructure, characterized by refined grains 
and uniformly distributed fine α-phase precipitates, contributes 
to a good synergy between strength and ductility. During plastic 
deformation, dislocations interact with grain boundaries, phase 
boundaries, and other dislocations, leading to work hardening 
that enhances strength. Simultaneously, the fine grain structure 
and dispersed α precipitates promote homogeneous strain 

distribution by providing multiple barriers that prevent severe 
strain localization. The BCC β phase offers multiple slip 
systems that facilitate dislocation motion redistribution through 
cross-slip mechanisms, which helps maintain ductility. This 
microstructural optimization enables the alloy to achieve both 
high strength through dislocation strengthening mechanisms and 
good ductility through distributed plastic deformation.

Ta element is a typical β stable element, it shows a crystal 
structure close to β-Ti when solid soluble in the matrix. 
Therefore, the addition of Ta to the near-β titanium alloy 
provides a pronounced solid solution strengthening effect. 
When an appropriate amount of Ta is added, it can form a 
stable solid solution with β-Ti, so that the crystal structure 
of Ti has a certain lattice distortion. This distortion creates 
internal stresses inside the alloy that impede the slippage and 
climbing of dislocations. This promotes an increase in the 
tensile strength of the alloy, an effect that can be estimated 
using the dislocation-solute elastic interaction equation[23]:

                              
(3)

where σSS represents the strength increment contributed by 
solid solution strengthening, Bi denotes the solid solution 
strengthening coefficient of the i-th alloying element, and Xi is 
the atomic concentration of the i-th alloying element.

In addition, the size of β grains varies with the increase of 
Ta content. The smaller the grain size, the greater the number 
of grain boundaries. As one of the strengthening methods, 
the role of grain boundary strengthening cannot be ignored. 
The more the grain boundaries, the greater the impediment to 
dislocations and the better the reinforcement. Grain boundary 
strengthening, σGB, is usually calculated using the classical 
Hall-Petch equation, which is proposed on the basis of the 
dislocation blocking model[24] in the form shown in Eq. (4):

                                   
k

                                        (4)

where k is the Hall-Petch constant[25], which is 735 MPa·μm1/2 
for the Ti alloy substrate, and d represents the average β grain 
size.

It should be emphasized that although dislocation obstruction 
contributes to strength enhancement, excessive obstruction can 
indeed lead to crack initiation and embrittlement. The key to 
achieving good ductility lies in maintaining a balance where 
dislocations are moderately hindered to provide strengthening, 
but the microstructure still allows sufficient dislocation 
mobility and strain accommodation. In the experimental alloys,
the fine grain size (reduced from 2,400 μm to 300 μm with 
1.6wt.% Ta addition) and the dispersed fine α precipitates 
create a microstructure that achieves this balance. The grain 
boundaries and α/β interfaces not only strengthen the alloy 
by blocking dislocation transmission, but also facilitate strain 
accommodation through dislocation absorption and localized 
rearrangement, thus preventing the initiation and propagation 
of catastrophic crack formation. This is evidenced by the 
simultaneous increase in both ultimate tensile strength (from 
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694 MPa to 735 MPa) and elongation (from 36.3% to 50.1%) 
with Ta addition from 0 to 2.0wt.%.

TEM analysis in Fig. 9 reveals a high density of finely 
dispersed, acicular α-phase precipitates within the β matrix. 
These nano-scale precipitates act as potential pinning points for 
dislocation, leading to significant precipitation strengthening (σp). 
The resistance offered by these precipitates forces dislocations 
to bow out and bypass them via the Orowan mechanism. 
This process requires a higher applied stress to sustain plastic 
deformation and thus increasing the alloy’s strength. The 
optimized size and distribution of the α phase at 1.6wt.% Ta
likely provides the most effective precipitation strengthening 
effect without compromising ductility.

Most importantly, the key to the excellent strength-toughness 
synergy lies in the alloy’s work-hardening behavior, which 
is directly linked to deformation mechanisms observed via 
TEM. In the deformed microstructure of the 1.6Ta alloy, a 
high density of deformation twins and stacking faults are 
observed. The presence of stacking faults indicates that the 
addition of Ta lowers the stacking fault energy (SFE) of the β 
matrix. A lower SFE facilitates the activation of twinning as 
a competitive deformation mechanism alongside dislocation 
slip. This twinning-induced plasticity (TWIP) effect plays 
a dual role: (a) It provides an additional deformation mode 
beyond conventional dislocation slip, significantly enhancing 
the strain accommodation capacity; (b) The newly formed 
twin boundaries act as dynamic barriers to subsequent 
dislocation motion, effectively refining the microstructure 
during deformation. This sustained high work-hardening rate is 
particularly important during the uniform elongation stage, as it 

delays the onset of necking and allows for substantial plastic 
deformation. Ultimately, the combination of grain refinement, 
solid solution strengthening, and the TWIP mechanism enables 
the alloy to achieve exceptional elongation values while 
maintaining a high ultimate tensile strength.

The improved plasticity observed in the Ta-containing alloys 
should not be attributed to severe dislocation obstruction, 
but rather to the microstructural refinement and the enhanced 
capacity for homogeneous plastic deformation. The fracture 
surface analysis (Fig. 7) shows typical ductile fracture 
characteristics with dimple structures, confirming that the 
alloys maintain good ductility through void nucleation, growth, 
and coalescence mechanisms rather than brittle fracture. This 
ductile fracture behavior is facilitated by the fine microstructure 
that promotes uniform strain distribution and delays the onset of 
necking. Therefore, the peak mechanical properties at 1.6wt.% 
Ta are not achieved by a single mechanism, but by a synergistic 
combination, as shown in Fig. 10. Refined β grains and solid 
solution strengthening provide a high baseline strength. As the 
material deforms, fine α precipitates offer strong resistance 
to dislocation motion (precipitation strengthening), while the 
activation of deformation twinning (TWIP effect) ensures high 
ductility and a remarkable capacity for work hardening. It is 
this multi-faceted, hierarchical strengthening and toughening 
strategy, orchestrated by the addition of Ta, that allows the 
alloy to overcome the conventional strength-toughness 
trade-off. When Ta content exceeds 1.6wt.%, the potential 
coarsening of the α phase and other subtle changes may disrupt 
this delicate balance, leading to a decrease in both strength and 
toughness.

Fig. 10: Synergistic mechanism during deformation of Ti-4Al-6Cr-5Mo-5Nb-1.6Ta

Figure 11 presents a comparison of the strength and 
plasticity of common titanium alloys. Among these alloys, 
near-β titanium alloys represent the most optimal composition 
for attaining an ideal balance between strength and plasticity. 
They not only exhibit excellent strength but also possess high 
plasticity, rendering them highly suitable as raw materials 
for plastic processing. By employing appropriate processing 
techniques, near-β titanium alloys can achieve remarkable 
strength and toughness. The Ti-4Al-6Cr-5Mo-5Nb-1.6Ta alloy 
designed in this study demonstrates good strength, along with 
plasticity that far surpasses that of other common titanium 
alloy compositions. As such, it holds significant research value 
for realizing strength and toughness enhancement through 
plastic processing.

5 Conclusions
This study mainly analyzes and characterizes the as-cast 
microstructure, phase constitution, tensile strength, and 
fracture toughness of the designed Ti-4Al-6Cr-5Mo-5Nb-xTa 
alloys. It systematically investigates the effect of Ta addition 
on properties of the alloys, and provides a basis for screening 
optimal compositions for subsequent thermal flux. The main 
conclusions are as follows:

(1) As the content of Ta increases from 0 to 2.0wt.%, no 
new phases form in the microstructure; Ta atoms are almost 
completely dissolved in the β phase, leading to an increase in 
β-phase fraction, while the α-phase size initially increases and 
then decreases.

'
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(2) When the Ta content increases from 0 to 2.0wt.%, the β 
grain size decreases from 2.4 mm to 0.4 mm. Ta’s large atomic 
radius hinders the growth of β grains, thereby limiting the 
transition from β phase to α phase.

(3) When the content of Ta increases from 0 to 1.6wt.%, the 
tensile strength and fracture toughness increase simultaneously, 
from 694 MPa and 41 MPa·m1/2 to 735 MPa and 55MPa·m1/2, 
respectively. When the Ta content exceeds 1.6wt.%, both the 
strength and toughness decrease.

(4) The superior strength-toughness combination achieved 
at 1.6wt.% Ta is attributed to the synergistic effects of solid 
solution strengthening, grain refinement strengthening, and 
precipitation hardening. 

(5) The exceptional ductility is attributed to the TWIP effect, 
where Ta addition promotes deformation twinning through 
lowering stacking fault energy, enabling high work-hardening 
rate and overcoming the strength-ductility trade-off.

(6) The Ti-4Al-6Cr-5Mo-5Nb-1.6Ta alloy, with its optimal 
balance of high strength and excellent fracture toughness in 
the as-cast state, is identified as a highly promising candidate 
for subsequent thermomechanical processing to achieve even 
greater performance for demanding aerospace applications.
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