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Abstract: Biomedical alloys 19Ti-59Zr-22Nb and 40 Ti-35Zr-25Nb were produced by blended elemental powder metallurgy approach using 

TiH2, ZrH2 and Nb powders. Usage of hydrogen as temporary alloying element for titanium and zirconium leads to activated sintering and 

decreased residual porosity of the alloys produced. Contrary, large amount of Nb powder negatively affects sintering and 6-9% residual 

porosity is observed in sintered alloys. Two-stage sintering (TSS) approach which includes preliminary sintering of powder blends, 

hydrogenation of sintered products, crushed in powder and sintering again, was used to obtain uniform alloys with reduced porosity. Volume 

changes of sintering of noted powder blends and prealloyed powders were investigated together with microstructure of sintered materials. 

Using prealloyed hydrogenated powders in TSS process resulted in activated densification, improved homogeneity of alloy microstructures 

and low (~2%) residual porosity. 
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Introduction 
Titanium and Ti-based alloys are widely used for biomedical 

applications due to its promising mechanical properties and non-

toxicity [1-2]. A number of biocompatible titanium-based alloying 

systems were developed to achieve microstructure, phase 

composition and mechanical properties desirable for medical 

applications [3]. 

Alloys based on titanium, niobium and zirconium are popular in 

some biomedical applications such as orthodontic arch wires, bone 

plates and stents due to their high corrosion resistance and sufficient 

strength and elasticity [4-11]. Alloying of titanium with zirconium 

provides improvement of the mechanical properties of the material 

[12], including high strength, as well as good corrosion resistance 

and biocompatibility [12, 13]. One of the main requirements for 

medical implant materials is their low Young's modulus close to the 

corresponding parameter of human bone (30 GPa) to avoid stress 

shielding effect [14-16]. It was shown [17], that additions of 

sufficient amount of β-stabilizer Nb to Ti-Zr alloys causes decrease 

of Young's modulus to 50-60 GPa owing to formation of -BCC Ti-

Zr-Nb phase [18-22]. 

The powder metallurgy (PM) manufacturing approach has 

significant advantages over ingot metallurgy one for various alloys, 

giving opportunities for smaller grain size, improved chemical and 

structure uniformity, economical efficiency and creation of 

controlled porosity which in some cases is desirable for medical 

implants. 

It was shown [23-24] that alloys based on Ti-Zr-Nb system can 

be produced by press-and-sinter blended elemental powder 

metallurgy using blends of titanium hydride, zirconium hydride and 

niobium powders. In this approach hydrogen was used as temporary 

alloying element for titanium and zirconium that causes the 

sintering activation, reduction of residual porosity and decrease in 

oxygen content in the final material. However, despite positive 

influence of hydrogen on alloy manufacturing process, the residual 

porosity of Ti-Zr-Nb materials could not be reduced below 5-8% 

[25] thus leading to degradation of mechanical properties [22]. It 

was established [26] that niobium powder addition causes increased 

as-sintered porosity while relatively slow diffusion dissolution of 

niobium particles delays formation of uniform ternary Ti-Zr-Nb 

alloys. Improved sintering kinetics with decrease in residual 

porosity down to 2% and faster homogenization was achieved with 

usage of Zr-Nb and Ti-Nb master alloy powders instead of Nb 

powder. However, melting of master alloys and their crushing to 

powders are additional processing operations which reduce 

technological and economy advantages of powder metallurgy 

approach.  

The goal of present study was to form sintered Ti-Zr-Nb alloys 

with reduced residual porosity and sufficient uniformity using TiH2, 

ZrH2 and Nb powders as starting materials. Such approach allows 

exclusion of master alloys production and provides cost 

effectiveness of alloy manufacturing process. 

Materials and experimental procedure 
Production of two low-modulus Ti-Zr-Nb alloys promising for 

medical applications [22] was investigated. The first composition is 

based on titanium (40Ti-35Zr-25Nb mass%), while another one is 

based on zirconium (59Zr-19Ti-22Nb mass%). The corresponding 

alloys were named according to the base element (Zr or Ti) and 

were produced using two processing which are designated as Zr1;2 

and Ti1;2 (Table 1). 

We used zirconium TS-1 grade, titanium sponge TG-110 and 

industrial niobium powder as starting materials for alloys 

production. Zirconium and titanium were hydrogenated to produce 

single phase brittle TiH2 and ZrH2 hydrides which then were easy 

crushed in powders. Both hydride powders and niobium powder 

less than 100 m in size were blended in corresponding ratios to 

produce starting blends of noted total compositions. 

Table 1 

Alloy compositions and manufacturing processes  

No 
Manufacturing process 

40Ti-35Zr-

25Nb 

59Zr-19Ti-

22Nb 

1 Compaction and sintering of 

elemental powder blends of 

TiH2, ZrH2 and Nb 

Ti1 Zr1 

2 Process 1 followed by alloy 

hydrogenation, production 

hydrogenated prealloyed Ti-

Zr-Nb powders; compaction 

and sintering 

Ti2 Zr2 

 

According to manufacturing process No1 (Table 1), these 

blends were compacted at pressure of 640 MPa, room temperature. 

The powder compacts were heated in vacuum at rate of 10 °C / min 

to 1250°C and exposed at this temperature for 4 hours. Such heating 

cycle causes the removal of hydrogen from the powders, sintering 

and homogenization of powder blends thus transforming them in 

bulk alloys. 

In order to reduce material porosity and to improve 

homogeneity, two stage sintering process (process No2, Table 1) 

was also tested. Both alloys manufactured using process No1 were 

hydrogenated again and grinded in a planetary mill to produce 

prealloyed hydrogenated powders of two noted compositions (Table 

1, process No2). Prealloyed hydrogenated powders less than 100 

m in size were pressed at 640 MPa, heated 10°C /min to 1250°C 

and sintered at this temperature for 4 hours. 

Hydrogenation of materials and investigation of hydrogenation 

kinetic was performed by Sieverts method. Materials were heated 

(rate 0.125oC/s) up to 600oC under hydrogen atmosphere (starting 

pressure of 0.6 MPa). 

The sintering kinetic and volume changes on sintering of 

powder compacts were studied with high temperature vacuum 

dilatometry on continuous heating (rate of 10 oC/min) up to 1250oC. 

The structure of the sintered material was investigated by scanning 

electron microscopy (SEM). Phase composition was evaluated 

using X-ray analysis. The Vickers hardness tests and Young 
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modulus measurement with impulse excitation technique were 

performed to evaluate mechanical properties of the alloys obtained 

using various powders.  

Results and discussion 

X-ray analysis showed formation of single phase BCC alloys 

after 4 hours sintering of both Zr1 and Ti1 powder blends (fig.1). 
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Fig. 1. Typical X-ray diffraction patterns of as-sintered 40Ti-

35Zr-25Nb (1) and 59Zr-19Ti-22Nb (2) alloys. 

 

At the same time, some local inhomogeneities and a huge (up to 

9%) residual porosity were observed in alloys produced using 

process No 1 (Fig. 2 a, b). The inhomogeneities were caused with 

the coarsest (~100 m) niobium particles which were not 

completely dissolved even during 4 hours sintering at 1250oC. It 

was established that coarse residual pores of non spherical 

elongated shape were formed due to following reasons. Difference 

in volume changes on heating of both hydride powder particles 

(thermal expansion and then considerable shrinkage during 

hydrogen emission at 300-800oC) and Nb powders (thermal 

expansion only) created additional voids between hydride particles 

and Nb ones in compacted blends [27]. Moreover, high elastic 

energy accumulated in compacted ZrH2 powder resulted in particle 

rearrangement and formation of gaps between particles on hydrogen 

emission [28] with visible swelling effects at 400-600 oC (Fig. 3, 

curves 1 and 2). Development of diffusion between Nb particles and 

Ti-Zr matrix at higher temperatures [27, 28] led to development of 

Kirkendall’s porosity on homogenization stage. Due to above 

described reasons, the retarded shrinkage of powder compacts on 

heating (curves 1 and 2, Fig.3) and preservation of significant 

porosity after further isothermal exposure were observed. It can be 

also concluded that Nb powder quite less in size than 100 m is 

necessary to achieve completed uniformity of alloys at used time-

temperature sintering parameters. 

 
 a b 

 
 c d 

Fig. 2. As-sintered microstructures of Zr1(a), Ti1(b), Zr2(c), 

Ti2(d) alloys. 
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Fig. 3. Dilatometric heating curves for compacted powder 

blends of Zr1 (1) and Ti1 (2) compositions as well as for compacted 

prealloyed hydrogenated powders Zr2 (3) and Ti2 (4). 

 

To reduce residual porosity and to achieve better uniformity of 

sintered alloys, two stage sintering process (manufacturing process 

No2) was proposed. Hydrogenation of the produced alloys makes 

them brittle and suitable for crushing to produce prealloyed 

hydrogenated powders of desirable sizes. Sintering of prealloyed 

powders should result in better densification and accelerated 

finishing of homogenization as compared to elemental powder 

blends. Moreover, positive influence of hydrogen on powder 

compact densification should also take place at second sintering 

stage. 

To realize this processing scheme, hydrogenation of both alloys 

was investigated. Sintered alloys were heated under hydrogen 

atmosphere to 600oC with monitoring of hydrogen pressure raise in 

heating chamber with temperature (Fig. 4). Temperature at which 

pressure-temperature dependence curve deviated from straight line 

shows the beginning of hydrogen absorption by alloys (Fig. 4). 

Temperatures of hydrogen absorption starting and the calculated 

amounts of hydrogen absorbed are shown in Table 2 for both alloys. 

 

Table 2 Beginning of hydrogen sorption temperatures and 

concentrations of hydrogen absorbed by two sintered alloys 

Alloy Тsorb, 
оС СН, mass.% 

59Zr-19Ti-22Nb 375 2,45 

40Ti-35Zr-25Nb 395 2,87 
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Fig. 4. Correlation between pressure and temperature raise during: 

59Zr-19Ti-22Nb(а) and 40Ti-35Zr-25Nb (b) alloys heating under 

hydrogen atmosphere. The temperatures of hydrogen absorption 

beginning are noted.  

 

The both alloys were saturated with hydrogen at temperatures 

below 500-530oC. The noted amount of hydrogen absorbed is quite 

enough to become both alloys brittle and easy crushed them to 

powder particles of desirable sizes. Produced powders were 

compacted and sintered again, a volume changes versus temperature 

on sintering of both hydrogenated prealloyed powders are shown at 

Fig. 3 (curves 3, 4). Like for TiH2 and for ZrH2 powders, hydrogen 

desorption from both prealloyed powder compacts resulted in 

intensive shrinkage above ~250oC, while further heating led to 

shrinkage due to development of powder sintering. It is clearly seen 

the differences between shrinkage behavior caused by powder type 

(prealloyed hydrogenated powders versus blends of TiH2, ZrH2 and 

Nb powders) within 250-700oC interval. At the same time, the total 

chemical composition of the compacts slightly affects volume 

changes. It should be noted that harmful swelling effect at 

dilatometric curves is absent for prealloyed hydrogenated powders 

of both compositions in contrast to blends contained ZrH2 powder 

[26]. Moreover, shrinkage process begins at significantly lower 

temperatures for prealloyed powder compacts, thus making 

contribution to reduced porosity. It can be seen from fig. 2 c, d and 

fig. 3 that using prealloyed powders provides minimization of the 

total porosity of materials with markedly smaller sizes of individual 

pores. X-ray diffraction patterns of final sintered materials confirm 

their single phase BCC structures, while microstructure 

observations did not reveal residual inhomogeneities for both 

compositions (Fig. 2 c, d).  

The hardness of all sintered materials was evaluated to make 

preliminary conclusion about validity of proposed powder 

manufacturing approach for practice applications. Vickers hardness 

test (Fig. 5) demonstrated that manufacturing process No 2 provided 

much better results with approximately twice higher hardness 

values as compared to processing route No 1. It was caused by 

reduction in total residual porosity, formation of smaller individual 

pores and improved uniformity of alloys produced with two-step 

sintering approach. Zirconium based composition possessed 

markedly higher hardness than titanium based one for both 

manufacturing processes; the highest value of 380 HV was achieved 

for process No2. Excessive residual porosity is harmful for material 

hardness as well as for strength and ductile characteristics. 

Contrary, highly porous structures are promising for reduction of 

Young modulus to meet requirements of medical applications. 

Evaluation of Young modulus was performed for high-porous Zr1 

and Ti1 materials. The promising values of 55,0 GPa (Ti1 alloy) 

and 56,3 GPa (Zr1 alloy) were obtained, thus the present approach 

can be considered for medical implant materials manufacturing. 

More detailed investigations and testing of materials produced with 

this approach is planned in our further studies. 

 
 

Fig. 5. Vickers hardness of the materials produced. 

 

Conclusions. 
1. Two BCC low-modulus Ti-Zr-Nb alloys were produced 

with press-and-sinter approach using hydrogenated 

powders. 

2. Sintering kinetic and residual porosity markedly depend 

on type of starting powders used to achieve prescribed 

alloy composition. 

3.  Blends of TiH2, ZrH2 and Nb powders demonstrated 

worse densification than hydrogenated prealloyed Ti-Zr-

Nb, which provides formation of completely uniform low-

porous materials. 

4. Proposed two stages solid-state powder processing 

allowed formation of uniform Ti-Zr-Nb alloys with small 

residual pores and higher hardness values.  
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