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Highlights 

• The austenite phase transformation decreases with increasing Ta into TiNbTa alloy.  

• The crystallite size diminishes with increasing the fraction of Ta into the Ti-Nb SMA. 

• β and α" phases were obtained in all Ti-Nb alloy samples. 
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Abstract 

β-titanium shape memory alloys are used as shape memory-based biomedical applications and 

superelastic materials because they are made up of non-toxic components. Also, their 

behaviors are more semilar with that of human bone and dental biological tissues, such as 

biocompatibility, superior corrosion resistance, low density, and low modulus of elasticity. In 

the current study, the effect of Ta additive on the physical properties of Ti-Nb alloy has been 

investigated. Ti-Nb-Ta alloy samples were produced such that the Tantalum (Ta) element was 

substituted instead of Niobium (Nb), and the induction arc melting was used to melting the 

mixed powders. To investigate the crystal structure, microstructure, and phase transformation 

temperatures of all samples, the X-Ray Diffraction (XRD), Scanning Electron Microscopic 

(SEM), and Diffraction Scanning Calorimetry (DSC) measurements have been used. Both β-

rich and α peaks were observed in the XRD and SEM measurements. Also, the DSC results 

revealed that the Ti-Nb-Ta alloys have only austenite transformation temperatures and their 

phase austenite phase transformation  were decreased by the effect of Ta additive, additionally, 

the enthalpy change in E3 sample ( Ti75.5 Nb22.5 Ta2 (%at)) has the highest value, while 

E4 sample ( Ti75.5 Nb21.5 Ta3 (%at)) has the lowest respective value.  
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1. INTRODUCTION 

 
Shape Memory Alloys (SMAs), which are a subset of smart materials [1] are widely used in engineering 

technology because, based on two unique characteristics, superelasticity (SE) and shape memory effect 

(SME), they can restore their original condition after being distorted by applied stress [2, 3]. Depends on 

this superior ability they have more applications in variety fields such as robotic [4], aerospace [5], civil 

structure [6], automotive [7], and aircraft [8]. In addition SMAs have widely used in medical applications 

because they have high biocompatibility [9, 10]. Biocompatibility is the ability of an implant to act on living 

tissue without adversely affecting local or systemic reactions. Tantalum (Ta) and Niobium (Nb) are the 

biocompatible materials which have more medical applications as nanoparticle or used in alloys [11-13]. 

Also, Titanium (Ti) is one of the biomedical elements which known to has no opposing biological effects 

[14, 15]. Many materials cannot be used as an implant in the human body and some related medical 

applications such as orthodontic and planting since they are not able to adapt themselves with the living 

tissues and human bones. Mechanical properties, such as modulus of elasticity are one of those 

biocompatible properties that should be adopted with the human living tissues and bones, moreover, some 

other characteristics such as density, corrosion resistance, and biocompatibility should be well investigated 

in terms of their side effects and relevant disease [16]. Some types of shape memory alloys (SMAs), have 

a good ability to adapt with human tissues because they have some interesting behaviors which have a 
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significant role in medical application [1, 17, 18]. Among all types of SMAs, Ti-based alloys are more 

attracted to attention in the biomedical field because their behaviors are more similar to that of human bone 

and dental biological materials [4]. Ti-based SMAs have superior biocompatibility, great corrosion 

resistance, low density, and low modulus of elasticity [3, 13, 19]. Also, they are used as biomedical shape 

memory and pseudoelastic materials because it contains non-toxic elements. The shape memory effect 

(SME) and pseudoelasticity of Ti-based SMAs depend on the reversible phase transformation between β 

and 𝛼′′  martensite phase [20]. In some biomedical applications, Ti-Ni alloy is not suitable to use because 

Nickel is a toxic element and is known to be an allergen in the human body [21]. Therefore, Ti-Nb alloy 

can be one of the best candidates instead of Ti-Ni alloy because of their non-toxic elements. Also, binary 

Ti-Nb alloy has good mechanical properties, shape memory effect, superelasticity, as well as good 

biocompatibility at room temperature [22]. Besides, mechanical properties of Ti-Nb alloy can be further 

improved by adding the third elements into it. Ramarolahy et al. added N, O, and Si to Ti-Nb and they 

found that after adding 0.5 at% of N, O, and Si, the TiNb-based SMA showed good superelastic properties 

and low Young’s moduli that make them good candidates for biomedical applications [22]. Al-Zain, et al. 

showed that by adding Mo the maximum recovery and transformation strains of a Ti-Nb alloy increased 

[23]. Also, there are more other works in the literature that were improved the mechanical properties of T-

Nb alloy [24-27]. 

 
In the current study, the effect of Tantalum (Ta) on the physical properties of Ti-Nb SMA has been 

examined. The specimens were prepared by the arc melting technique. Then by using DSC, XRD, and 

SEM-EDX the thermal characteristics, crystal structure analysis, and microstructure were characterized, 

respectively. 

 

2. EXPERIMENTAL PROCEDURE 

 

A ternary Ti-Nb-Ta was made precisely by means of high pure powder elements, including Ti (99.9% 

purity), Nb (99.9% purity), and Ta (99.9% purity) with different compositions as indicated in Table 1. The 

composition of Ti stayed constant and the Nb element was substituted with Ta. After weighted the pure 

powder elements by a digital balance which has high sensitivity (SCALTEC Analytical balance SBC 31. 

220 g. Readability 0.1 mg) they were thoroughly combined and pelletized by a mechanical hydraulic 

compressor (SPACAC) under a pressure of 15 MPa. The pellets were melted by using an arc melter device 

in an argon atmosphere, and then the ingots were chilled inside the chamber to room temperature. Also, for 

more homogenization, the produced samples were annealed by kept at 850 ℃ for 24 hours and then they 

were quenched in salty-ice water, and finally, all of the samples were cut into small pieces for easy testing. 

 

The influence of Ta on the phase transformation behavior of Ti-Nb alloy was explored using PerkinElmer 

sapphire differential scanning calorimetry (DSC) in an argon environment at a heating–cooling rate of 10 

K/min. Also, by using X-Ray diffraction (XRD), the crystal structure of all samples was examined at room 

temperature, by the aid of 𝐾𝛼 radiation, between (30o − 80o). Additionally, to detect the surface 

morphology and microstructural of all samples, a scanning electron microscope (SEM) was employed at 

room temperature and an energy dispersive scanning x-ray (EDX) was employed to measure the 

composition of the elements in all alloys. 

 

Table 1. The ratio of the components in their constitution 

Samples 
Element composition (at. %)  Element composition (wt. %) 

Ti Nb Ta Ti Nb Ta 

E1 75. 5 24. 5 0 61 39 0 

E2 75. 5 23. 5 1. 0 60 37 3 

E3 75. 5 22. 5 2. 0 60 34 6 

E4 75. 5 21. 5 3. 0 59 32 9 

E5 75. 5 20. 5 4. 0 58 31 12 

 

https://scholar.google.com.tr/citations?user=q1xdU8kAAAAJ&hl=en&oi=sra
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3. RESULTS AND DISCUSSION 

 

3.1. Crystal Structure Analysis 

 

The XRD patterns of all samples are presented in Figure 1, which is carried out at room temperature. All 

peaks for each sample were indexed by using the literature [28-31]. As shown in Figure 1, both (β) and (α") 

peaks were coexisted in all Ti-Nb alloy samples (with and without Ta). Also,  it can be seen that the sample 

E1 ( Ti75.5 Nb24.5 Ta0 (%at)) exhibited a strong (110)β peak and two other weak peaks include (211)β and 

(111)α". But in E2 sample ( Ti75.5 Nb23.5 Ta1 (%at)) the intensity of (110) β peak was reduced and (111)α" 

peak was damaged and the new peak ((022)α") was produced, also, the same result was reported in the 

literature [29, 30].  E3 with 2 at.% Ta has the same XRD pattern as E1. Besides, the XRD profile of E4 and 

E5 reveals that the Ta additive was caused to decrease the intensity of (211)β peak while it caused to 

increase the intensity of (111)α", and in E4, a new peak, (201)α" with low intensity was produced. 

Additionally, it can be seen that the intensity of -phase peaks dropped after adding Ta, but the intensity of 

Ta "-phase peaks remained constant and adding Ta had no effect on their intensity. 
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Figure 1. The XRD pattern of Ti-Nb-Ta alloy 

 

The crystalline size of all samples has been calculated by using the Scherrer equation, which depends on 

the incident x-ray (λ) with the wavelength of 1.5406 Å, the Braggs angle, shape factor (K = 0.9), and full 

width half maximum (FWHM) of the XRD peak that is denoted by (B). The Scherrer is given as follows 

[32-35]:  
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𝐷 =
𝐾λ

𝐵 cos 𝜃
 . (1) 

 

Figure 2 displays the influence of the Ta additive on the crystallite size of the Ti-Nb alloy. The alloying Ti-

Nb SMA with Ta decreased the crystallite size of the alloy. 
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Figure 2. The calculated crystallite size of all samples 

 

3.2. Microhardness Analysis 

 

The Vickers microhardness measurement technique was employed at room temperature in this study to 

explore the effect of Ta on the microhardness of Ti-Nb alloy. There are three types of measurements for 

each sample; the standard deviation shows that different findings were obtained from different 

microstructures of each alloy, however, the average value was taken as a typical value (Figure 3). Figure 3 

depicts that generally the microhardness was considerably enhanced once Ta was added as the third element 

to the Ti-Nb alloy. 
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Figure 3. The measured Vickers microhardness of the samples 
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3.3. Microstructure Analysis 

 

Figure 4 demonstrates the SEM micrograph results of the Ti-Nb-Ta alloys. This measurement was carried 

out at room temperature. According to Figure 4, the grain boundaries appear in all samples, and adding Ta 

into Ti-Nb-Ta has no effect on grain boundaries. Also, both (β) and (α) phases were detected, where the β–

phase is the matrix, while α-phases is the precipitated phase. likewise, Meng et al. [28] reported the same 

result. As shown in Figure 4, α-phases are increased with increasing the amount of Ta, which confirms the 

XRD result. 

 

3.4. Phase Transformation Temperatures Analysis 

 

DSC was employed to determine phase transformation temperatures and other thermodynamic parameters. 

Figure 5 shows the DSC curves of all samples which are used in the present work. According to DSC 

results, each sample of the Ti-Nb-Ta SMAs has only the reverse phase transformation temperatures which 

are As, Ap, and Af. Also, E5 ( Ti75.5 Nb20.5 Ta4 (%at)) has neither forward nor reverse transformation 

temperatures. The phase transformation temperatures are represented in Table 2 and Figure 6. According 

to Table 2 and Figure 6, all of the reverse transformation temperatures (As, Ap, and Af) were decreased by 

adding Ta into Ti-Nb shape memory alloy. Besides, Figure 7 shows the enthalpy change as a function of 

changing Ta composition, whereby the enthalpy change, which is the total area under the DSC peaks [36], 

increased in E2 ( Ti75.5 Nb23.5 Ta1 (%at)) and E3 ( Ti75.5 Nb22.5 Ta2 (%at)), while its value decreased in 

E3 ( Ti75.5 Nb21.5 Ta3 (%at)). 

 

https://scholar.google.com/citations?user=xwXpiyUAAAAJ&hl=en&oi=sra
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Figure 4. SEM micrographs of the Ti-Nb-Ta SMA 

 

Table 2. Austenite phase transformation temperatures of the alloys 

Samples 
 As 

(℃) 

Af 

(℃) 

Ap 

(℃) 

E1  19.90 35.58 25.24 

E2  11.12 25.74 16.24 

E3  10.62 38.60 19 

E4  11.37 29.26 16.86 

E5  - - - 

 

-40 -30 -20 -10 0 10 20 30 40 50 60 70 80

H
ea

t 
fl

o
w

 (
m

W
)

Temperature (°C)

 E5

 E4

 E3

 E2

 E1

 
Figure 5. DSC results of Ti-Nb-Ta samples 
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Figure 6. Austenite phase transformation temperatures as a function of Ta composition 
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Figure 7. The enthalpy change of the alloy as a function of composition 

 

4. CONCLUSION  

 

In this study after Nb was substituted with low amounts of Ta in the Ti-Nb shape memory alloy. The main 

obtained results and conclusion is given such that, according to XRD results, both (β) and (α") peaks were 

indicated in all Ti-Nb alloy samples (with and without Ta). Also, Ta decreased the intensity of β-phase in 

E2, E4, and E5 alloys, but the intensity of Ta α"-phases did not change after increased the composition of 

Ta. The crystallite size of the specimens was reduced with increasing Ta into the Ti-Nb SMA. In the SEM 

results, both (β) and (α) phases were observed, which β –phase represent the matrix, and α-phases were the 

precipitate phase. All samples showed austenite transformation in the DSC measurement, which no 

martensitic transformation observed. The enthalpy change of E2 and E3 grew as the amount of Ta increased, 

however it reduced sharply in E4. 
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