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Abstract: The bioactivity of TiH₂ as a starting material in the preparation of β-phase stabilized 

Ti alloys, remains largely unexplored. This paper examines the hydrogen impact on apatite 

formation on the TiH₂-40Nb alloy’s surface. The TiH₂-40Nb alloy was synthesized using 

mechanical alloying and powder metallurgy techniques, including cold powder compaction and 

sintering process. The alloy's bioactivity was assessed by immersing samples in Hank's Balanced 

Salt Solution (HBSS) for 30 days, followed by characterization using weight gain analysis, pH 

measurement, and scanning electron microscopy (SEM). Ti-40Nb alloy served as a reference for 

comparison. The results demonstrated a significantly higher weight gain (3.37%) in TiH₂-40Nb 

alloy compared to Ti-40Nb alloy (1.99%). This enhanced apatite formation was due to the 

emission of hydrogen from the alloy, which increased the pH from 7.4, creating a more favorable 

alkaline environment for apatite precipitation. The local pH observed for the Ti-40Nb alloy and 

TiH₂-40Nb alloy were 8.24 and 8.30, respectively. As a conclusion, the role of hydrogen in 

enhancing the apatite formation, suggesting that TiH₂-based alloys could offer a cost-effective 

and bioactive alternative for implant materials. 

Keywords: Beta phase titanium alloy implant; Hydrogen induced apatite formation; Mechanical 

alloying; Powder metallurgy; TiH2-40Nb alloy 

1. Introduction  

The need for bone implants is increasing as a result of 

factors such as aging population, rapid socioeconomic 

development, and an increase in fracture incidents caused 

by traffic accidents, accidental injuries and osteoporosis in 

the elderly population. Bones, the most prevalent hard 

tissues in the human body, play a vital role as the main 

load-bearing structures, making their health essential for 

general physical well-being. 

Bone implants used in clinical therapy are categorized into 

non-degradable implants like titanium (Ti) alloy, stainless 

steel as well as cobalt-based alloy. Meanwhile, degradable 

implants include magnesium (Mg) and iron (Fe) alloys. 

Among the non-degradable options, Ti as well as its alloys 

are widely utilized in the production of bone implants1).  

Low stiffness is a requirement for bone implants, 

necessitating materials with a minimum Young's modulus 

(<30 GPa), combined with high strength (70-280 MPa)2). 

The (α+β)-alloy Ti-6Al-4V alloy, featuring a Young’s 

modulus of 110 GPa, is frequently chosen for bone 

implants due to its 1000 MN/m² strength and 40% greater 

resistance to corrosion than commercially pure titanium 

(cp-Ti), which has a Young's modulus of 105 GPa3,4). The 

Ti-6Al-4V alloy, comprising 6 wt.% aluminum and 4 wt.% 

vanadium, is highly favored for load-bearing uses like hip, 

spinal as well as knee implants due to its remarkable 

strength5). In contrast, commercially pure titanium (cp-Ti) 

offers lower mechanical properties because of its single-

phase structure6). Consequently, it makes it more 

appropriate for non-load-bearing applications like fixation 

mini plates and screws in craniofacial and maxillofacial 

procedures7). However, both cp-Ti and Ti-6Al-4V possess 

a high Young’s modulus, which greatly exceeds natural 

bone (<30 GPa), resulting in stress shielding effects8,9). 

This discrepancy may cause bone loss as well as instability 

of the implant, ultimately leading to implant failure. Apart 

from that, releasing aluminum (Al) as well as vanadium 
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(V) ions from Ti-6Al-4V alloy may potentially cause 

neurotoxic effects, Alzheimer’s disease and cancer10,11). 

To address this issue, β-type Ti-based alloys, such as those 

in the titanium-niobium (Ti-Nb) system, have attracted 

significant attention because of their reduced Young’s 

modulus, good corrosion resistance, higher strength, non-

toxic, and superior biocompatibility12,13). The addition of 

Nb lowers the alloy’s modulus by approximately 24%, 

which helps to better match the mechanical properties 

concerning bone14-16). Within the metastable Ti-Nb alloy 

system, two distinct compositions stand out with 

exceptionally low Young's modulus values, a crucial 

characteristic for minimizing stress shielding in bone 

implants: one with a Nb content ranging from 14-18 wt.% 

and another with approximately 40-45 wt.%17). Ti-Nb 

alloys containing 30–45 wt.% Nb are considered 

promising for bone implants, as their low Young’s 

modulus (~50 GPa) closely aligns with that of natural 

bone18). Guo et al.19) and Fikeni20) emphasized that the β-

phase remains fully stable when the Nb content exceeds 30 

wt.%. Ti-40Nb alloy exhibits a predominantly β-phase 

microstructure (approximately 89%), contributing to the 

desirable mechanical properties for implant applications21). 

These results underscore the promise of Ti-Nb alloys, 

especially those with elevated Nb levels, in minimizing 

stress shielding and enhancing the effectiveness of bone 

implants. 

Apart from that, the occurrence of Nb transforms the 

passivated Ti surface into a bioactive one by enhancing its 

ability to form apatite22). Wang et al.23) indicated that the 

Ti-25Nb alloy possessed the minimal modulus of 

18.7 ± 1.4 GPa, attributed to its high β phase content. 

Interestingly, this composition also showed the highest 

level of apatite formation among Ti-Nb alloys, indicating 

that the β-phase has a strong capability to enhance apatite 

growth. In another study, Gostin et al.24) claimed that Ti-

45Nb alloy showed a lower ability to form apatite 

compared to Ti. This disparity suggests that the 

relationship between Nb content, β phase stability, and 

apatite formation is not fully understood and requires 

further investigation. 

Titanium hydride (TiH₂) offers a significant cost advantage 

over commercially pure titanium (cp-Ti), making it an 

attractive alternative where cost-effectiveness is a priority. 

This is due to the simpler and less energy-intensive 

production process of TiH₂ compared to the complex and 

costly methods required for producing cp-Ti25,26). 

Numerous studies have employed TiH₂ as a starting 

material for preparing Ti alloys, specifically β-phase 

stabilized Ti alloys, with a focus on investigating their 

mechanical properties. In Sharma et al.27), a blend of cp-Ti, 

TiH₂, and Nb elemental powders was processed utilizing 

mechanical alloying, followed by a two-stage spark plasma 

sintering technique. Their research revealed that increasing 

the amount of TiH₂ powder mitigated powder 

agglomeration and sticking during milling, resulting in a 

higher yield of mechanically alloyed powder. Additionally, 

a notable reduction in the milled powder’s particle size was 

observed as the TiH₂ content increased, leading to 

enhanced strength in the final alloy. In another study, 

Robertson and Schaffer28) noted that the compressibility of 

the hydride is expected to improve considerably due to 

decreased cold welding and friction in the hydrogenated 

Ti-40Nb powders, a phenomenon previously noted in TiH₂. 

Dehydrogenation can create lattice defects and alter 

surface properties, thereby enhancing bioactivity by 

providing more reactive sites and increasing surface 

roughness that favor apatite formation29,30). 

Dehydrogenation also can promote the formation of Ti-OH 

groups, which play an important role in apatite 

nucleation31). These hydroxyl groups interact with 

inorganic ions in physiological solution, forming 

intermediates such as calcium titanate that subsequently 

attract phosphate ions, ultimately facilitating apatite layer 

growth32,33).. The β phase of Ti, which remains stable at 

higher temperatures than the α phase, may also influence 

apatite formation. This phase offers distinct mechanical 

such as a lower modulus, which can also affect the 

interaction between Ti surfaces and biological 

environments. Although direct studies on the β phase’s 

role in apatite formation are limited, its phase 

transformation could impact apatite binding and growth by 

altering surface energy and the density of active sites 

available for nucleation34,35). Despite the recognized 

potential of TiH₂ in improving the mechanical 

characteristics of Ti alloys, there exists a gap on the 

interaction of the Ti-Nb system with hydrogen to influence 

the formation of bone-like apatite. Hence, information on 

the effect of dehydrogenation on β-type Ti-based alloys is 

currently scarce in the literature. In contrast, it is 

anticipated that TiH₂-40 Nb alloys, particularly when 

tailored for enhanced apatite-forming ability will emerge 

as a future alternative to conventional alloys for bone 

implant applications, given the promising outcomes 

demonstrated in this comparative study. 

Powder metallurgy is a reliable technique for the near net-

shape fabrication of bone implant applications. One of its 

key benefits is the precise control it provides over the 

chemical composition of the material, enabling 

customization of properties to suit particular needs. In 

addition, this method enhances the feasibility of producing 

complex shapes with high precision, which is crucial for 

implant applications. Powder metallurgy also reduces 

overall production costs, making it a cost-effective 

solution for manufacturing high-quality, custom implants. 

These combined benefits make powder metallurgy a 

highly attractive option for the development of bone 

implants36-39). 

Despite these advancements, limited studies have focused 

on the effect of hydrogen on the Ti-Nb system, particularly 
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its role in influencing apatite formation and implant 

integration. Since Nb stabilizes the β-phase, its interaction 

with hydrogen is expected to alter the apatite-forming 

ability of the alloy in ways that differ from Ti-Nb alloys. 

This study addresses that gap by investigating the 

comparative behavior of Ti-40Nb and TiH₂-40Nb alloys 

fabricated through mechanical alloying and powder 

metallurgy methods. The apatite formation, pH, and 

microstructure of the Ti-40Nb alloy and TiH₂-40Nb alloy 

are compared, and the findings related to these aspects are 

presented and discussed. The novelty of this research lies 

in its combined focus on hydrogenated Ti as a cost-

effective precursor and its role in tailoring the bioactive 

properties of β-phase Ti-Nb alloys for bone implant 

applications. 

2. Materials and Methods 

2.1. Raw materials  

For all experiments, mixtures of Ti, TiH2 and Nb were 

prepared from highly pure starting powders: 99.7% Ti 

(Strem), 98% TiH2 (Merck), and 99.8% Nb (Strem). These 

mixtures reacted to form stoichiometric Ti-40Nb alloy and 

TiH2-40Nb alloy, as detailed in Table 1. 

2.2. Preparation of pre-alloyed powders  

Sample preparation involved a multi-stage process, 

encompassing mechanical alloying, powder metallurgy, 

compaction, and sintering process, for synthesizing β-

phase stabilized titanium-based alloys utilizing a 

combination of Ti and TiH₂ powders as the initial material, 

as shown in Figure 1. The mechanical milling process was 

carried out with a Fritsch Pulverisette P-5 planetary ball 

mill, equipped with four 250 ml stainless steel vials. The 

milling process was conducted for 2 hours at a speed of 

200 rpm, using a typical 10:1 ball-to-powder ratio with 10 

mm stainless steel balls and n-heptane as the process 

control agent. To avoid oxidation, argon gas was used to 

purge the milling vials before milling began. The resulting 

pre-alloyed powders were then compacted into disc-

shaped green pellets using a Specac manual hydraulic 

press at a pressure of 500 MPa. These pellets were sintered 

in a Lenton tube furnace at 1200 °C for 3 hours under an 

argon atmosphere. The heating and cooling rates were both 

maintained at 10 °C/min, with furnace cooling applied 

afterward, as illustrated in Figure 2. 

Table 1: Specification of elemental powders and powder 

mixture 

Alloy 

composition 

Ti  

powder 

(wt.%) 

TiH2 

powder 

(wt.%) 

Nb 

powder 

(wt.%) 

Ti-40Nb 60 None 40 

TiH₂-40Nb None 60 40 

 

Fig. 1: Integrating mechanical alloying with powder 

metallurgy for producing Ti-40Nb alloy and TiH2-40Nb 

alloy 

 

Fig. 2: Sintering profile of Ti-40Nb alloy and TiH2-40Nb 

alloy 

2.3. Testing and Characterizations  

Thermogravimetric analysis (TGA) was performed using 

a Perkin Elmer (M) 1 analyser, with samples heated from 

room temperature to 900 °C at 10 °C/min under a nitrogen 

flow of 10 mL/min. 

The samples' in-vitro bioactivity was evaluated by soaking 

them in Hank’s Balanced Salt Solution (HBSS) with a 

maintained pH of 7.4. This immersion aimed to simulate 

the physiological conditions of the human body as well as 

evaluate the ability of the alloys to induce apatite 

formation, a key indicator of bioactivity. Each sample was 

immersed in 30 mL of HBSS solution in a polyethylene 

(PE) bottle, as shown in Figure 3. The bottles were then 

positioned in a water bath (model: TWB-30D, 30L), 

maintained at a temperature of 37 °C for a duration of 30 

days. 

Following the 30-day immersion period, the samples were 

carefully retrieved from the HBSS solution and thoroughly 

dried in a desiccator containing silica gel for four days. The 

weight gain of each sample, a direct measure of apatite 

formation, was then calculated using the following formula, 

as shown in Equation 1. 

 

Fig. 3: Schematic diagram of samples in a water bath for 

an immersion test 
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𝑊𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛 (%) =
𝑊𝐹 − 𝑊𝐼

𝑊𝐹
 𝑥 100  (1) 

in which WI refers to the initial dry weight of the sample 

prior to the immersion, while WF refers to the final dry 

weight post 30-day immersion in HBSS solution. 

Scanning Electron Microscopy (SEM) with a Hitachi 

TM3030Plus Tabletop Microscope was utilized to 

examine the surface morphology of the samples. This 

high-resolution imaging technique allowed for detailed 

visualization of the apatite layer created on the alloy’s 

surfaces. 

The changes in pH of the HBSS solutions after sample 

immersion were also monitored. A pH meter manufactured 

by Hanna Instruments was used for this purpose. To ensure 

accuracy, the pH meter was calibrated before each 

measurement using three standard solutions with pH 

values of 4, 7, and 10. During measurement, the pH meter 

probe was inserted into the HBSS solution to a depth of no 

more than 1 mm and held until a stable pH reading was 

obtained. Each measurement was repeated three times at 

5-minute intervals to ensure consistency and reliability of 

the data. 

3. Results and Discussions 

3.1. Thermogravimetric analysis (TGA)  

The TGA curve exhibited negligible weight change in the 

initial heating stage (0-300 °C), indicating that TiH2 

remained stable and no significant hydrogen release 

occurred (Figure 4). Noticeable weight loss began at 

higher temperatures, around 340-410 °C, marking the 

onset of dehydrogenation40,41). The controlled release of 

hydrogen during heating not only densifies the alloy but 

also introduces microstructural defects that remain 

embedded in the final materials. These defects act as 

preferential sites for Ti-OH formation, enhancing the 

alloy’s ability to induce apatite deposition once exposed to 

HBSS solution. 

 

Fig. 4: TGA of TiH₂-40Nb alloy during milling at 200 

rpm 

3.2. Weight gain and pH measurement  

Figure 5 illustrates a notable difference in both pH and 

weight gain of apatite formed on TiH₂-40Nb alloy and Ti-

40Nb alloy after 30 days of immersion in HBSS solution. 

Both alloys showed a slight increase in pH above the 

neutral value (7.4) of HBSS solution. The slightly higher 

pH for TiH₂-40Nb alloy (8.30) compared to Ti-40Nb alloy 

(8.24) indicated a more pronounced alkaline environment 

in the surrounding solution, which was conducive to 

apatite formation. The slight increase in pH observed for 

the TiH₂-40Nb alloy could be attributed to the interaction 

of the alloy with HBSS solution. This alkaline shift was 

attributed to the decomposition of TiH₂-40Nb alloy in an 

aqueous environment, releasing hydrogen ions (H⁺) that 

subsequently react with dissolved oxygen in HBSS 

solution to produce water (H₂O) and hydroxide ions (OH⁻). 

This phenomenon is supported by studies from Udduttula 

et al.42), who reported that an alkaline pH enhances apatite 

formation on metallic bio-implants when immersed in 

physiological solutions. The enhanced alkalinity observed 

in TiH₂-40Nb alloy can be attributed to surface 

modification introduced during hydrogenation-

dehydrogenation which increase the density of Ti-OH 

groups that drive ion exchange. 

The present study demonstrated that the TiH₂–40Nb alloy 

exhibited substantially enhanced apatite-forming ability 

compared to the Ti–40Nb alloy, as evidenced by a 

markedly higher weight gain of 3.37% versus 1.99%, 

respectively. This difference is particularly noteworthy 

given that apatite is known to precipitate more readily 

under alkaline conditions³⁴), and the elevated pH measured 

in the vicinity of the TiH₂–40Nb alloy provides a favorable 

thermodynamic environment for apatite nucleation and 

growth. The alignment between the pH findings and the 

weight gain results strongly suggests that the local alkaline 

environment generated by hydrogen incorporation played 

a significant role in driving apatite deposition. 

Beyond its influence on pH, hydrogen in the TiH₂–40Nb 

alloy also contributed to the modifications in surface  

 

Fig. 5: pH measurement and weight gain of Ti-40Nb alloy 

and TiH₂-40Nb alloy after 30 days of immersion in HBSS 

solution 
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chemistry. Specifically, hydrogen altered the native oxide 

layer, increasing surface reactivity and promoting the 

adsorption of calcium ions (Ca2+) and phosphate ions 

(PO4
3-) which are the primary ionic constituents of 

apatite³⁵). This in turn creates a more bioactive surface 

conducive to mineral deposition and growth. These 

observations are consistent with the findings of Combes et 

al.43) and Ghodrati et al.44), who reported that hydrogen-

modified Ti surfaces exhibited altered oxide defect 

structures and increased hydroxyl group density, which 

further enhanced calcium phosphate nucleation kinetics. 

Phase composition analysis further contextualizes these 

findings. As reported in our previous study45), the Ti–40Nb 

alloy comprised 34.3% α-Ti and 65.7% β-Ti, a phase 

distribution comparable to that of the TiH₂–40Nb alloy 

(34% α-Ti and 66% β-Ti), confirming that both alloys are 

predominantly β-phase in character. The β-phase is well-

established to influence the mechanical and surface 

properties of Ti-based alloys, notably by reducing the 

elastic modulus and improving biocompatibility through 

enhanced surface stability and favorable oxide formation, 

which supports ion exchange and interfacial reactivity46). 

Given this near-equivalent β-phase constitution, the 

observed differences in bioactivity between the two alloys 

cannot be attributed to phase composition alone. 

Collectively, these findings indicate that while both alloys 

share a similar and predominantly β-phase microstructure 

(~66%), the substantially enhanced apatite-forming ability 

of the TiH₂–40Nb alloy is principally governed by 

hydrogen-induced surface and chemical modifications 

rather than by differences in phase distribution. This 

supports the conclusion that hydrogen-assisted processing 

plays a dominant and decisive role in enhancing the 

bioactivity of Ti–Nb alloys. 

3.3. Morphological observation  

As shown in Figure 6, the surface morphology of Ti-40Nb 

and TiH₂-40Nb alloys differs after 30 days of immersion 

in HBSS, with the micrographs displaying varying degrees 

of apatite development on each alloy. The Ti-40Nb alloy 

surface appeared coarse and uneven in texture, partially 

covered with small apatite deposits, indicating limited 

bioactivity in terms of apatite nucleation and growth. This 

is consistent with observations reported by Farrahnoor and 

Zuhailawati13) who found that Ti-40Nb alloy immersed in 

HBSS solution exhibited low and scattered distributions of 

Ca, P, and O elements across the surface as revealed by 

SEM-EDS mapping. In contrast, the surface of TiH2-40Nb 

alloy displayed a finer grain structure caused by the 

occurrence of TiH2, which enhances the formation of oxide 

layer that smoothens surface irregularities. Upon exposure 

to HBSS solution, releasing hydrogen ions (H+) from TiH2 

raises the local concentration of H+ in the surrounding 

environment. This leads to a shift towards a more alkaline 

(higher pH), which in turn attracts calcium ions (Ca2+) and  

 

(a)  

 

(b)  

Fig. 6: SEM micrographs indicating surface appearance of 

different Ti alloys post immersion in HBSS solution for 30 

days at 37 °C: a) Ti-40Nb alloy, and b) TiH2-40Nb alloy at 

magnification of 500x 

phosphate ions (PO4
3-). The occurrence of these ions in the 

alkaline solution promotes the deposition and growth of 

apatite on the TiH2-40Nb alloy surface. This suggests that 

the TiH2-40Nb alloy has a higher bioactivity, promoting 

more extensive apatite nucleation and growth. The 

morphological analysis aligned well with the in-vitro 

apatite formation and pH findings. 

4. Conclusions 

The TiH₂-40Nb alloy demonstrated superior performance, 

exhibiting a significantly higher weight gain due to apatite 

formation (3.37%) compared to Ti-40Nb alloy (1.99%). 

Similarly, the TiH₂-40Nb alloy produced a slightly more 

alkaline environment (pH 8.30) than Ti-40Nb alloy (pH 

8.24), which is favorable for apatite nucleation and growth. 

SEM analysis further confirmed denser and more uniform 

apatite coverage on the TiH₂-40Nb alloy, indicating 

enhanced apatite-forming ability facilitated by hydrogen’s 

influence on surface chemistry and oxide layer 

modification. 

From an application perspective, TiH₂-40Nb alloy offers a 

cost-effective and bioactive alternative to Ti-Nb alloy, 

making it a promising candidate for bone implant 

applications, particularly in load-bearing conditions. 

Future work should include surface chemistry 

characterization using XPS and FTIR to confirm the 

hydrogen-induced Ti–OH group formation and oxide layer 

modifications along with residual hydrogen quantification 

via thermal desorption spectroscopy. Meanwhile, 

characterization of the deposited apatite layer should also 

be conducted, including XRD analysis to identify 

crystalline phases, SEM-EDS elemental mapping to 
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confirm calcium and phosphorus distribution, Ca/P ratio 

quantification and Raman spectroscopy or XPS to verify 

the chemical composition of the deposited layer. 

Additionally, in-vitro biological evaluation and 

optimization of hydrogen concentration should be pursued 

to validate the biological response and balance bioactivity 

with long-term mechanical stability. 
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