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Abstract: With increasing longevity in many countries, the demand for prostheses to replace 
damaged hard tissue is growing. In recent years, efforts have focused on developing new titanium 
(Ti) alloys with a lower Young’s modulus, closer to that of human bone (30 GPa), given the average 
cost of $32,933 for prosthesis replacement procedures. While such alloys already exist, metastable β-
Ti alloys have drawn attention due to their excellent combination of good strength, biocompatibility, 
and the abundance of titanium in the Earth’s crust. A better understanding of their properties and 
behavior, such as structure and element interaction, could create more efficient and long-lasting 
materials. To address this demand, this study aims to develop Ti-15Mo-yNb alloys (13, 16, and 19 
wt.%) through arc melting, heat treatment, forging, and quenching. The alloys were analyzed using 
XRD, SEM, EDS, and mechanical testing. The β-Ti and α”-Ti phases were found, with Vickers 
hardness values ranging from 290 HV to 392 HV and Young’s modulus between 66 GPa and 75 GPa. 
The results show that higher Nb content helps form the α”-Ti phase at grain boundaries and improves 
the mechanical properties of the β-Ti matrix alloys. 

Keywords: titanium alloys; mechanical properties; phases; Young’s modulus 
 

1. Introduction 

Biomaterials must present good mechanical properties, corrosion resistance and 
biocompatibility. The Young’s modulus is essential due to the stress shielding phenomenon, as it 
influences the stress difference between the implant and the adjacent bone, which can potentially 
lead to bone resorption and failure of the implant [1–4]. In biomedical applications, high corrosion 
resistance is essential to ensure the longevity and safety of implants. The results suggest that 
optimizing the composition of Ti-Nb alloys can lead to improved performance in corrosive 
environments, which is particularly important in the human body [5]. Studies have shown that this 
difference can increase porosity and compromise bone adhesion [6–8]. 

The biomedical materials that are widely used for hard tissue replacement and their Young’s 
modulus are stainless steel alloys 316L (200 GPa), Co-Cr-Mo alloys (210 GPa) [9], Ti-6Al-4V alloys 
(110 GPa), and CP Ti (103 GPa). However, they still have a much higher Young’s modulus (3 to 6 
times) than that of human bone (30 GPa) [10]. 

The Ti-6Al-4V alloy, used as biomedical implants, offers greater mechanical strength, corrosion 
resistance, and hardness when compared to CP Ti . However, the release of toxic aluminum (Al) and 
vanadium (V) ions can cause serious long-term health problems, including neurological disorders 
and Alzheimer’s disease associated with Al, and V ion toxicity that can negatively affect the 
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respiratory system [11]. Therefore, there is a significant need to develop new titanium alloys to reduce 
Young’s modulus, increase mechanical strength and not contain Al and V, such as alloys 
incorporating Mo, Nb, Ta, and/or Zr, based on the formation of substitutional solid solutions. 

Researchers have observed that martensitic Ti-Nb alloys with relatively low Nb content can have 
Young’s modulus comparable to β phase alloys [12,13]. Studies on the mechanical properties of 
binary Ti-Nb alloys have revealed significant results. These studies involve Ti–xNb (x = 0,1, 2 wt.%) 
[14–16], Ti–xNb (x = 5, 10 wt.%) [17], Ti–xNb (x = 10, 15 wt.%) [18,19], Ti–xNb (x = 15–20 wt.%) [20,21], 
and Ti–xNb (x = 20, 25 wt.%) [22]. Depending on the chemical composition and thermomechanical 
treatment, Ti-Nb alloys form solid solutions based on α and β titanium modifications, such as stable 
α, β, and metastable phases α’, α’’, and ω [23]. The addition of Nb influences the stability of different 
phases in titanium alloys. Specifically, it suppresses the formation of the alpha (α) phase and reduces 
the volume fraction of the omega (ω) phase. This suppression is beneficial as it enhances the 
mechanical properties of the alloy, making it more suitable for applications such as biomedical 
implants. A study of the Ti-10Nb alloy identified α’ or α’’ phases. The α’’ phase showed a similar 
reflection to β-Ti, except for broad peaks at large angles. Additional microstructural analysis is 
required for precise identification of these phases. Optical metallography results confirmed the 
presence of the α’’ phase, evidenced by needle-like structures in the metastable martensite region 
[24,25]. Martensite α’’ phase needles are predominant at the sample’s edges, reaching up to 300 
microns in length by about 10 microns in width, while these structures are not observed in the 
sample’s interior. The reason for this is that as the ingot cools, it transitions from metastable 
conditions at the surface to an equilibrium state in the center, causing changes in the cooling mode 
[26]. 

The molybdenum (Mo) stabilizes the β phase in Ti alloys [27] and it’s effective in the design of 
β alloys. Hanada et al. [28] observed the formation of the α’’ phase in Ti-Mo alloys with Mo content 
between 11% and 18% during cold working. 

A study concluded that the addition of niobium (Nb) significantly affects the microstructure of 
Ti-xNb-5Mo (x = 0,10,20,30 wt.%) alloys. As the Nb content increases, there is a notable decrease in 
the alpha (α) phase and a corresponding increase in the beta (β) phase and the average crystallite size 
of both the α and β phases increases with the addition of Nb [29]. This transition is crucial for 
enhancing the mechanical properties of the alloys, potentially leading to improved ductility and 
toughness, making them more suitable for various application. 

Recent investigations have shown that in addition to increasing the β-stabilizer content, 
thermomechanical treatment is an effective approach to suppress the formation of α″ martensite. For 
example, the martensitic transformation from β to α″ can be effectively suppressed by grain 
refinement, which can be achieved by severe plastic deformation and recrystallization [28–30]. This 
means that with the help of thermomechanical treatment, the martensitic transformation can be 
suppressed in the β phase with low β-stabilizers, which is favorable for obtaining the β-Ti alloys with 
low Young’s modulus. 

In the case of Ti-Mo-Nb alloys, the development of microstructures with a β-Ti matrix containing 
metastable α’’ precipitates can contribute to the synthesis of materials with lower Young’s modulus, 
superior hardness, compressive strength, and wear resistance compared to conventional titanium 
alloys containing V, Ta, and/or Zr, which is desirable for the development of biomedical implants 
[31–34]. 

In this context, this study investigated the compressive mechanical properties and 
microstructures of Ti-15Mo-xNb (13, 15, and 19 wt.%) alloys, synthesized via arc melting followed by 
heat treatment and cold working. 

2. Materials and Methods 

The Ti-15Mo-xNb (x = 13, 16, 19 wt.%) alloy was prepared with high-purity metal sheet elements, 
Ti, Mo, and Nb, and weighted in the aimed composition with a total 30 g mass ingots using an 
analytical scale (0.1 mg precision). Information about the purity (Table 1). 
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Table 1. Purity elements information of the Ti-15Mo-xNb (x = 13, 16, 19 wt. %) alloy is a table. 

Elements 
Purity                        

(wt.% min.) 
Supplier 

Ti 99,5 USP-Lorena 
Mo 99,9 Sigma Aldrich 
Nb 99,9 Sigma Aldrich 

The ingots of ternary alloys Ti-15Mo-xNb (x = 13, 16, 19 wt.%) were synthesized by arc melting 
with a non-consumable tungsten electrode under an argon (Ar) atmosphere, four purges were 
performed using argon gas with 99.999% purity and a vacuum pump at 10⁻² mbar. The samples were 
remelted five times to ensure uniform chemical composition. The ingots were machined to the 
dimensions of Ø12x50 mm (±0.1) mm to fit the internal diameter of the forging die. 

The ingots were swage forged at room temperature. The diameter was reduced by 
approximately 0.8 mm per pass until a final diameter of approximately 5 mm was achieved, 
representing a diameter reduction of 70%. The samples were encapsulated in a quartz tube under an 
Ar atmosphere and heat treated at 1100 °C for 2 h and 800 °C for 0.5 h before and after forging, 
respectively, and quenching to ensure the formation of the β-Ti phase, according to the experimental 
procedures of Guo et al. [13]. 

Microstructural characterization of the samples was performed using a scanning electron 
microscope (SEM), Hitachi model TM3000, with an energy dispersive spectroscopy (EDS) detector 
for microanalysis. X-ray diffraction (XRD) patterns of these samples were obtained using an 
Empyrean XRD 3rd generation (Malvern, Panalytical) X-ray diffractometer, operating at room 
temperature, 40kV and 30mA with Cu-Kα radiation, diffraction angle (2θ) between 10 and 90°; 
angular step of 0.05° and counting time per step of 80 s. The phases present in the samples were 
indexed using Person’s Crystal Data files version 1.0. 

Mechanical characterization was performed using microhardness measurements and 
compression tests. For the Vickers microhardness tests, the ASTM 384 [35] standard was used. Fifteen 
measurements were taken across the sample surface using a load of 200 gf (2.05 N) for 15 s on a table-
top microhardness tester, model MicroMet 6020 (Buehler). Compression testing of the alloys after 
cold forging and heat treatment was carried out at room temperature in accordance with ASTM E9 
[36]. Three specimens of each alloy were used following standard procedures on a servo-hydraulic 
universal testing machine with axial actuator and Dynacell model 8801 compression tests, with a 
capacity of 10 tonnes, a test speed of 0.5 mm/min and a 250 kN load cell (Instron). 

3. Results and Discussion 

3.1. Microstructural Characterization 

The uniformity of the ingot’s composition was checked using SEM-EDS, where measurements 
were taken at specific points on the cross-section surface (Table 2). The analysis included areas near 
the edge and closer to the center of the ingot. The results showed that the nominal composition by 
SEM-EDS wt.% of each ingot stayed the same throughout its volume. 

Table 2. Nominal composition information of the Ti-15Mo-xNb (x = 13, 16, 19 wt. %) alloy is a table. 

Elements 
ASTM F2066 

[37] 
Ti – 15Mo – 13Nb Ti – 15Mo – 16Nb Ti-15Mo-19Nb 

Ti balanço balanço balanço balanço 
Mo        15 14,97 14,93 14,91 
Nb <0,01 12,38 15,99 18,77 

There was no sign of zone segregation in the ingots observed in the alloys after heat treatment 
at 800ºC for 0.5 h with different amounts of Nb, which often happens due to incomplete or uneven 
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remelting. These findings were also confirmed by optical metallography (Figure 4) of the ingots’ 
cross-sections. Structural differences, like variations in the appearance of zones or differences in grain 
size in certain areas, were not found on the cross-section surface after processing the alloys, was not 
observed on the surface of the section after alloy treatment. 

In titanium alloys, the utilization of significant quantities of chemical elements to stabilize the β 
phase, followed by heat treatment under rapid cooling conditions, results in the formation of 
substantial amounts of martensitic α’’ (orthorhombic) phases. Consequently, the resultant quantity 
of the β phase can exhibit variability, thereby affecting both microstructural and mechanical 
properties. The presence of the α’’ phase distinctly influences a critical property for biomedical alloys: 
the modulus of elasticity. Accordingly, heat treatment temperatures of 1100°C and 800°C were 
established, which correlate closely with the beta-transus temperature for these β-type titanium 
alloys (β-Ti) [38,39]. 

The Mo equivalence method (Moeq) is used to predict the stability of the β phase in β-type 
titanium alloys (β-Ti) and to evaluate the effect of β-stabilizing elements. Mo, a primary β-stabilizer, 
is used as a reference point, and other elements are normalized to this Moeq value [40,41]. Typically, 
the β phase becomes dominant in titanium alloys when the Mo content reaches 10 wt.%, and higher 
Moeq values usually result in more stable β-Ti alloys [42,43]. 

Using equation (1), Moeq was calculated for the designed alloys. The results presented in Table 
3 show that the Ti-15Mo-xNb alloys (with x = 13, 16, and 19 wt.%) have Moeq values above 10 wt.%, 
indicating that these alloys should have a β phase microstructure. However, since the Nb content is 
relatively low in weight percent, the β phase also includes the metastable α’’ phase formation [44]. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = [𝑀𝑀𝑀𝑀] + [𝑇𝑇𝑇𝑇]
5

+ [𝑁𝑁𝑁𝑁]
3.6

+ [𝑊𝑊]
2.5

+ [𝑉𝑉]
1.5

+ 1.25[𝐶𝐶𝐶𝐶] + 1.7 [𝑀𝑀𝑀𝑀] + 1.7 [𝐶𝐶𝐶𝐶] + 2.5 [𝐹𝐹𝐹𝐹] − 𝐴𝐴𝐴𝐴 (1) 

Table 3. Moeq values of the alloys designed. 

    Alloy (Moeq) (wt.%) 
Ti15Mo13Nb 18,61 
Ti15Mo16Nb 19,44 
Ti15Mo19Nb 20,55 

The XRD analysis was performed on Ti-15Mo-xNb alloys (x = 13, 16, 19 wt.%) to elucidate their 
crystalline microstructural characteristics. The phases present in the material were identified using 
GSAS II® software and the International Crystal Structure Database (ICSD). The phases were 
validated by comparing the obtained diffraction patterns with reference data [45], confirming the 
preference for the β-Ti phase. Through the most intense diffraction peaks, it was possible to identify 
the majority of the β phase. 

Figure 1(a) shows the XRD patterns of the samples forged and heat treated at 800ºC for 0.5 h. A 
study reveals that the start temperature for the α″ phase transformation is consistently above that of 
the ω phase transformation across various Ti-Nb alloys [18]. This indicates that the α″ phase begins 
to form at higher temperatures, which is crucial for understanding the thermal behavior of these 
alloys during cooling and processing [19]. Because this, the temperatures heat treatment at 800°C. 
The temperatures were also selected based on the specific compositions of the Ti-Nb alloys studied. 
Different alloy compositions can lead to variations in phase stability and transformation 
temperatures. By choosing a range of temperatures, the researchers could assess how these factors 
influence the overall behavior of the alloys, providing a comprehensive understanding of their 
thermal propertie. The samples analyzed are Ti-15Mo-13Nb, Ti-15Mo-16Nb and Ti-15Mo-19Nb. One 
phase is evident in the microstructures. The experimental results indicate that the alloys are 
predominantly composed of the β body-centered cubic (BCC) phase. Since the alloys studied are 
metastable, a slower XRD scan was performed to better evaluate some peaks associated with the α’’ 
phase, as shown in Figure 1(b). In all the alloys analyzed, intense and predominant β-Ti peaks were 
identified compared to Ti CP, particularly in the 2θ regions of (39.02°, 56.46° and 70.86°). In addition 
to these peaks, the Ti-15Mo-13Nb alloy shows low intensity peaks of the α’’ phase that were also 
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indexed in the nominal 2θ composition regions (34.24°, 37.76°, 42.54°, 66.15°, 69.6° and 77.84°) after 
heat treatment at 800ºC for 0.5h. 

 

Figure 1. Material characterization (XRD): (a) X-ray diffraction: Ti-15Mo-13Nb, Ti-15Mo-16Nb, and Ti-15Mo-
16Nb, (b) Ti-15Mo-13Nb allow show small fraction Magnification of the α’’ phase peak. 

For alloys after cold forging, the intense and predominant diffraction peaks of β (200) and β (211) 
decreased in intensity. In addition, Ti-15Mo-13Nb new peaks for α’’ (020) and α’’ (100). The volume 
fraction of this phase remains constant. This suggests that the martensitic transformation was 
induced by stress and/or deformation during cold forging. After heat treatment at 800ºC for 0.5 hours, 
the α’’ martensite formed by quenching and cold forging, as the formation of other phases was not 
observed as the percentage of Nb increased [16,24]. 

In the XRD patterns shown in Figure 1, it is evident that the niobium atoms are dissolved into 
these crystalline structures, with this trend being more pronounced in the Ti-15Mo-19Nb alloy. This 
observation is consistent with the results of previous studies [11,13]. 

3.2. Lattice Parameter, Crystallite Size and Microstrain of the Phase β-Ti 

In order to understand the microstructural changes in the studied alloys and to correlate them 
with their mechanical properties, it was necessary to calculate several parameters: lattice parameter, 
crystallite size, and microstrain of the undispersed β-Ti phase. The Ti-α’’ phase was not observed due 
to its low volume fraction. 

Among these parameters, the lattice parameter represents the distance between atoms that are 
periodically repeated in a crystalline structure, as described by Bragg’s law in equation (2) [45]. 

𝑛𝑛 𝜆𝜆 = 2 𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (2) 
where n is the order of diffraction (typically n=1), λ is the wavelength of X-rays, and d is the spacing 
between planes with specified Miller indices h, k, and l. In the β-Ti (BCC) structure, the interplanar 
spacing d is related to the lattice parameter a=b=c and the Miller indices by the following relationship, 
as given in equation (3) [45]. 

𝑎𝑎 = 𝑏𝑏 = 𝑐𝑐 = 𝑑𝑑ℎ,𝑘𝑘,𝑙𝑙 �ℎ2 + 𝑘𝑘2 + 𝑙𝑙2 (3) 
To calculate the crystallite size and microstrain, we used the Williamson-Hall (W-H) equation 

from the Uniform Stress Deformation Model (USDM), as shown in equation (4). In this equation, D 
represents the crystallite size, λ is the wavelength of Cu-Kα radiation, θ is the Bragg reflection angle, 
K is the Scherrer constant (typically K=0.94, depending on the symmetry of the crystal structure), and 
B is the full width at half maximum (FWHM) of the diffraction peak. The equation (5) represents the 
W-H equation for the USDM, where the lattice strain ε is replaced by the stress σ according to Hooke’s 
law (σ=Eh,k,lε) [46]. 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =  
𝑘𝑘𝑘𝑘 
𝐷𝐷

+ 4𝜀𝜀 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (4) 

𝐵𝐵ℎ,𝑘𝑘,𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  
𝑘𝑘𝑘𝑘 
𝐷𝐷

+
4 𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎 
𝐸𝐸ℎ,𝑘𝑘,𝑙𝑙 

 (5) 

b)

A
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For cubic crystals, the Young’s modulus Eh,k,l is given by equation (6) [43]. 
1

𝐸𝐸ℎ,𝑘𝑘,𝑙𝑙 
= 𝑆𝑆11 − 2 �𝑆𝑆11 − 𝑆𝑆12 −

1
2
𝑆𝑆44 � �

ℎ2𝑘𝑘2 + 𝑘𝑘2𝑙𝑙2 + 𝑙𝑙2ℎ2

ℎ2 + 𝑘𝑘2 + 𝑙𝑙2
�  (6) 

S11, S12, and S44 are elastic compliances for Ti. The values of S11, S12 and S44 are 
9.9×10-12, -4.7×10-12 and 21.4×10-12 Pa-1, respectively [47]. Figure 2 shows a graphical representation 

of the relation between Bcosθ and 4sinθ/Eh,k,l for the three alloys studied. 
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Figure 2. W-H graph of the three alloys studied. 

Using equation (3), it is possible to calculate the lattice parameter of the samples by comparing 
it with the standard lattice constant of β-Ti [48]. In addition, the crystallite size and microstrain can 
be determined using the linear equation of the lines in Figure 2, as shown by the results in Figure 3. 

As shown in Figure 3, different lattice parameter values are observed in the alloys after heat 
treatment at 800ºC for 0.5 h. There is a gradual increase in the lattice parameter from 3.2450 Å at 13% 
Nb content to 3.2650 Å at 19% Nb content. This indicates distortions in the crystalline lattice structure 
with increasing Nb content. With the addition of Nb, the average crystallite size of the β phase 
increases from 18.33 nm at 13 wt.% Nb to 19.58 nm at 19 wt.% Nb. This is due to the distortion caused 
in the lattice by Nb atoms that are larger than Ti and Mo atoms. This result is consistent with similar 
observations reported by Chen et al.[49] and Santos et al.[50] in their studies evaluating β-stabilizing 
element additions. In the Ti-15Mo-13Nb alloy, the positive tensile microstrain (0.248%) may be 
related to the homogeneous distribution of Nb atoms. As the Nb content increases to 16% and 19%, 
the microstrain shifts to compression (-0.2916% and -0.3292%, respectively), possibly due to the 
precipitation of small fractions of the α” phase. It is reasonable to consider this transition as a less 
homogeneous distribution of Nb atoms with increasing Nb content in the designed alloys. 
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Figure 3. Dependencies of lattice parameter, crystallite size, and microstrains of the three alloys studied. 

These alloy samples are based on substitutional solid solutions where the addition of niobium 
increases the microhardness. There is a trend of approximately 33% increase in microhardness with 
increasing concentration of niobium due to the larger atomic radius of niobium (0.156nm) compared 
to the titanium it replaces (0.148nm) [51,52]. By replacing titanium atoms in the crystal structure, 
niobium atoms can prevent the movement of dislocations, contributing to greater mechanical 
strength [53]. It is therefore believed that the addition of niobium can help to strengthen the solid 
solution by preventing the movement of atomic dislocations. Therefore, the increase in 
microhardness in these alloys is due to the addition of niobium to the composition. 

Many other transition metals act as substitutional elements, but not with a beta-stabilizing 
character like niobium. The presence of metastable phases can enhance desirable properties such as 
wear resistance and comprehensive, important for a metallic biomaterial. For instance, the α″ phase 
in Ti-Mo with Nb alloys is associated with these properties, and knowing that it can coexist with the 
metastable ω phase allows for the design of alloys that maximize these effects while minimizing 
potential drawbacks like embrittlement [54,55]. 

Figure 4 shows the scanning electron micrographs of the Ti-15Mo-xNb alloy samples (x = 13, 16, 
19 wt.%) after heat treatment at 800ºC for 0.5 h. In Figure 4a, the microstructure of the Ti-15Mo-13Nb 
alloy is composed mainly of the β phase and a small fraction of the phase in the form of fine, reduced 
acicular needles and lamellar structures typical of the martensitic α” phase at the grain boundary of 
the β phase. The martensitic α” phase in this alloy has a fine needle morphology according to [16,24]. 

Figure 4b and 4c shows the microstructure of the Ti-15-16Nb and Ti-15Mo-19Nb alloys is mainly 
composed of the β phase present and consists only of grain boundaries of the β phase. Therefore, the 
microstructure of the alloys studied was sensitive to the addition of Nb, with the number of needles 
characteristic of the α” phase decreasing as the content of the stabilizing element β-niobium 
increased. Thus, the addition of niobium reduces the transition to the α” phase of martensite and 
stabilizes the β phase of the alloys in these Ti-15Mo-xNb alloys (x = 13, 16, 19 wt.%). These results are 
consistent with the XRD patterns shown. 
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Figure 4. Micrographs of a) Ti-15Mo-13Nb, b) Ti-15Mo-16Nb, and c) Ti-15Mo-19Nb alloys after heat treatment 
at 800°C for 0,5h. Presence of a β-Ti matrix and α” precipitates only Ti-15Mo-13Nb. 

3.3. Mechanical Characterization 

Table 4 shows the Vickers microhardness results for the alloys after heat treatment at 800°C for 
0.5 h. The Ti-15Mo-13Nb and Ti-15Mo-19Nb alloys presented the lowest and highest microhardness 
values, respectively, which is related to the increased niobium content. Niobium acts as a grain refiner 
and helps to reduce the grain size in the alloy’s microstructure. The fine-grained Ti-15Mo-19Nb 
sample has smaller grains and consequently higher microhardness, making it more resistant than the 
coarser-grained Ti-15Mo-13Nb sample. This is because the former has a larger total grain boundary 
area to impede the movement of dislocations [52]. Regarding the microhardness values evaluated in 
this study, it is also interesting to note that the values found are higher than those of the commercial 
alloys evaluated by Wataru et al.[53] as shown in Table 5. This increase in microhardness compared 
to commercial alloys indicates that the samples produced have superior mechanical strength. 

Table 5 also compares the microhardness values after cold forging and after heat treatment. The 
microhardness of Ti-15Mo-xNb (x = 13, 16, 19 wt.%) alloys decreased following the heat treatment at 
800°C for 0.5 hours. This decrease is probably related to the coalescence of grains in the samples after 
heat treatment, which reduces their effectiveness in hindering dislocation movement during plastic 
deformation. As a result, the material becomes less resistant to compressive deformation and 
consequently less hard. 

Table 4. Vickers microhardness of Ti-15Mo-xNb (x = 13,16,19 wt.%) alloys produced. 

Alloy Cold Forging (HV200) 
Heat Treatment (800 °C for 0.5 

h) (HV200) 
Ti-15Mo-13Nb 380.8±32 290.1±25 
Ti-15Mo-16Nb 391±24 332.86±26 
Ti-15Mo-19Nb 406±22 392.1±30 

Table 5. Vickers microhardness values of CP Ti, Ti-6Al-4V and Ti13Nb-13Zr alloys [43]. 

Alloy Microhardness (HV200) 
CP Ti 187 

Ti-6Al-4V 280 
Ti-13Nb-13Zr 251 

Figure 5 shows the stress-strain curves for the Ti-15Mo-xNb (x = 13, 16, 19 wt.%) alloys after heat 
treatment (800°C for 0.5 hours) obtained from compression tests at room temperature. The addition 
of niobium increases the strength of Ti-15Mo-xNb (x = 13, 16, 19 wt.%) alloys while maintaining their 
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ductility. Li et al.[54] also observed an increase in strength with the addition of Nb in Ti-Mo-Nb 
alloys. The yield strength (σₑ) and 0.2% offset yield strength (σ₀.₂) obtained from the stress-strain 
curves are listed in Table 3. The Ti-15Mo-13Nb alloy has the lowest σₑ (740 MPa) and σ₀.₂ (845 MPa), 
while the Ti-15Mo-19Nb alloy has the highest σₑ (792 MPa) and σ₀.₂ (905 MPa) among the alloys 
studied. Indeed, both σₑ and σ₀.₂ values increase with higher Nb content. Thus, the addition of Nb 
not only stabilizes the β phase in the alloys but also increases strength while maintaining ductility. 
Comparing the Ti-15Mo-xNb (x = 13, 16, 19 wt.%) alloys after heat treatment (800°C for 0.5 h) with 
their compression test results at room temperature, it is evident that the Ti-15Mo-19Nb alloy, which 
presents the highest Vickers microhardness, also exhibits a steeper compression curve, with higher 
yield strength and ultimate compressive strength values and lower total strain, as shown in Figure 5. 
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Figure 5. Stress-strain curves for Ti-15Mo-xNb (x = 13, 16, 19 wt.%): After heat treatment at 800°C for 0,5h. 

In the Ti-15Mo-19Nb alloy, the increase in yield strength, compressive strength, and ultimate 
tensile strength is associated with solid solution hardening (Mo and Nb) of the β phase, as well as the 
contribution of precipitation hardening from the α” phase during plastic deformation of the 
materials. 

Adding Nb to the composition promotes the formation of these structures, resulting in increased 
hardness and strength of the materials. During the compression tests of the Ti-15Mo-xNb (x = 13, 16, 
19 wt.%) alloys after heat treatment at 800ºC for 0.5 h the formation of dislocations in the 
microstructure of the materials also contributes to strain hardening. In particular, the combination of 
improved mechanical properties with solid solution strengthening and grain size refinement is 
evident. Alloys with higher Nb contents have smaller grain sizes (Figure 2). During plastic 
deformation, dislocation movement occurs across grain boundaries. The atomic disorder at these 
boundaries contributes to additional mechanical strength by impeding dislocation slip. The Ti-15Mo-
19Nb alloy exhibits higher yield strength and compressive strength when compared to the Ti-6Al-4V 
alloy while maintaining a transverse coefficient of thermal expansion similar to the CP Ti alloy, as 
shown in Tables 6 and 7. 
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The Young’s modulus of the designed alloys as a function of Nb concentration is shown in Table 
6. A slight increase in Young’s modulus is observed with the addition of Nb [55,56], where a decrease 
in the network parameter of the β-phase is reported for Nb concentrations of 19% in Ti alloys. This 
occurs because the β phase is stabilized and the atomic bond energy increases, resulting in a smaller 
lattice parameter [57,58]. Despite the relatively low Young’s modulus of these alloys, the higher 
Vickers hardness observed in all samples under the same processing conditions is consistent with the 
X-ray diffraction results [59]. (Figure 1b) shows the Ti-15Mo-13Nb alloy, indicating an extremely low 
presence of the metastable α” phase, which may be responsible for maintaining the lower Young’s 
modulus value. In the α’’ (orthorhombic) crystal structure, the titanium atoms, almost 2/3 of which 
are located further apart in a lattice parameter 𝑑𝑑ℎ,𝑘𝑘,𝑙𝑙 , provide a lower attraction force between the Ti-
β atoms. There is a tendency for the Young’s modulus to decrease with the addition of β-stabilizing 
elements in Ti alloys, as observed by Zhang et al.[11], Correa et al.[60], Kuroda et al.[61] and Martins 
Júnior et al.[62]. 

The Ti–15Mo–13Nb alloy (66 ± 2 GPa) has the lowest elastic modulus value among the studied 
samples, closer to human cortical bone (∼30 GPa), another favorable condition for applying this alloy 
as a biomaterial for implants [63]. 

Ti β-alloys tend to have the lowest values of elastic modulus and hardness, and since Nb is a 
stabilizing element of this phase, the two mechanical properties studied vary in the same proportion. 
Thus, a good parameter to evaluate the best mechanical performance of Ti alloys with Nb is 
calculating the hardness/modulus (H/E) ratio [64]. 

The H/E ratio is proportional to the wear resistance of alloys, which is related to the elastic 
deformation of the material. Materials with high wear resistance have a longer service life[65]. To 
calculate the H/E ratio, Eq. 7 was used to convert the HV values to GPa. 

𝐻𝐻 𝐺𝐺𝐺𝐺𝐺𝐺 =  
𝐻𝐻𝐻𝐻 ∗ 0,009807

0,93
 (7) 

Table 6 shows the results of the calculated H/E for the studied alloys. Previous studies have 
indicated that materials with a H/E ratio ≥0.04 exhibit good wear resistance [66]. The Ti–15Mo–13Nb, 
Ti-15Mo-16Nb and Ti–15Mo–19Nb samples showed results higher than 0.04, possibly showing 
adequate wear resistance for a metallic biomaterial[67]. The Ti–15Mo–19Nb alloy showed the best 
H/E ratio (0.055 ± 0.005). 

Table 6. Compression properties values of Ti-15Mo-xNb alloy specimens (x = 13, 16 and 19 wt.%) after heat 
treatment at 800°C for 0.5h and H/E ratio of the alloys as a function of Nb content. 

Alloy 
Yield 

Strength      
[MPa] 

Young’s 
Modulus       

[GPa] 

Compressiv
e Strength           

[MPa] 

Strain 
[mm/mm

] 

Tranverse 
Thermal 

Expansion 
Coeficient              
[mm/mm] 

 
H/E 

Ti-15Mo-13Nb 845±36 66±2 1121.2±49 0.2517 0.19 0.046± 0.006 
Ti-15Mo-16Nb 826±23 69±3 1172.7±19 0.2311 0.20 0.051± 0.004 
Ti-15Mo-19Nb 905±27 75±2 1295.6±30 0.2458 0.15 0.055± 0.005 

Table 7. Compression properties of Cp-Ti and its commercial alloys [58.59]. 

Alloy  
Yield 

Strength      
[Mpa] 

Young’s 
Modulus       

[GPa] 

Compressive 
Strength           

[Mpa] 

Tranverse 
Thermal 

Expansion 
Coeficient              
[mm/mm] 

 
H/E 

Cp-Ti [68]  692 104 785 0.15 0.019 
Ti-13Nb-13Zr 

[69] 
 836 84 973 0.10 

 
0,035 
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Ti-6Al-4V 
[70] 

 860 111 1036 0.12 
 

0,024 

4. Conclusions 

Based on the results of this study, the following conclusions can be drawn: 
The processing route and parameters used to prepare the Ti-15Mo-xNb alloys (x = 13, 16, 19 

wt.%) after heat treatment at 800°C for 0.5 h produced homogeneous materials. 
The β-Ti phase was predominantly formed in the Ti-15Mo-xNb alloys (x = 13, 16, 19 wt.%) in the 

molten state after heat treatment by quenching. The alloys were composed of β-Ti matrices. The Ti-
15Mo-13Nb alloy showed an extremely low presence of dispersed α” precipitates. 

By determining the lattice parameter, crystallite size and microdeformation, it was observed that 
the microdeformation changed from tensile (0.244%) to compressive (-0.2916% and -0.3292%) with 
the increase in Nb content, affecting the Young’s modulus from 66 GPa to 75 GPa, respectively. 

Increasing the amount of Nb in the nominal composition, and consequently a β-Ti matrix in the 
microstructure of the alloy, resulted in higher values of Vickers microhardness, yield strength, 
compressive strength and tensile strength of these alloys, along with a reduction in total deformation 
and Young’s modulus. 

The β Ti-15Mo-xNb alloys (x = 13, 16, 19 wt.%) exhibited superior mechanical properties 
compared to the CP Ti, Ti-13Nb-13Zr, and Ti-6Al-4V alloys using metastable phase precipitation 
strengthening mechanisms. 

The high hardness of the heat treated Ti-15Mo-13Nb alloy gave this sample a good H/E ratio 
result 0,046, indicating possible good wear resistance. 
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