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ABSTRACT: Titanium alloys, due to their biocompatibility and low stiffness, are among the 
most studied of metallic implant materials. Whereas most titanium-based biomaterials are produced 
from pre-alloyed powders, in this work the authors have utilised elemental powder to manufacture 
porous TiNbTaZr alloys using a powder metallurgy technique based on the pressurised gas-induced 
expansion of pores. Samples of porous TiNbTaZr alloy were prepared from a blend of elemental 
powders sealed into steel cans under a pressurised argon atmosphere. Following this, the pressurised 
cans were densifi ed by hot isostatic pressing (HIP) at 1100 °C and 100 MPa for 4 hours, with 
cubic specimens from each can being treated in a vacuum furnace (1100, 1225, 1350 °C) for 10 
hours in order to allow the pressurised pores to expand due to creep of the surrounding metal 
(foaming). Following this, the phase composition of HIP and foamed samples was characterised by 
x-ray diffraction (XRD), while microstructure and pore morphology were examined using optical 
microscopy and scanning electron microscopy. Mechanical testing under compressive loading was 
carried out at a strain rate of 10–3 s–1. Following HIP, XRD indicated the suppression of peaks related 
to -Ti while microstructural analysis revealed the particle boundaries to have become diffuse due 
to the partial dissolution of Nb and Ta, with initial porosity levels being generally less than 3 %. 
Increasing the foaming temperature led to increases in porosity and proportion of -Ti phase with 
a resulting decrease in elastic stiffness. These porous materials were concluded to be an attractive 
candidate for low stiffness biocompatible implant materials.

1 INTRODUCTION 

Porous metals are known to exhibit significant 

advantages in a wide variety of applications due to 

their low density and novel physical, mechanical, 

thermal, electrical and acoustic properties (Ashby 

et al, 2000). These materials have already shown 

potential for lightweight structures, thermal 

management, energy absorption and more recently for 

biomedical applications. However, costs associated 

with manufacture are often the main limitation to 

increasing the scope of applications. While porous 

aluminium has been fabricated commercially at 

reasonable cost, this form of aluminium exhibits 

relatively low strength and performs poorly under 

high temperature operation. Thus, the fabrication 

of other porous metal alloys with a high specifi c 

strength, such as those based on titanium, has been 

an area of particular interest in recent years. Titanium 
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holds signifi cant promise for biomedical applications 
since it is known to be a biocompatible, while the 
introduction of porosity may reduce the stiffness to 
match that of bone (10-40 GPa) (Long & Rack, 1998), 
thus reducing the stress shielding effect. In addition 
to this, the porous structure may have the potential 
to entrap specifi c proteins such as vitronectin and 
fibronectin in order to promote osteoblastic cell 
attachment, proliferation and differentiation on 
the implant surface, thus allowing the completion 
of bone ingrowth into the implant and leading to 
improvements in implant fi xation. The majority of 
titanium implant materials contain alloying elements 
in order to obtain appropriate mechanical properties. 
However, adverse body reaction to some of the 
most commonly utilised alloying elements such as 
aluminium (Perl & Brody, 1980) and vanadium (Rae, 
1981), together with higher than preferred stiffness 
levels for the porous structure, have been noted 
(Oppenheimer, 2007). 

It has been established that the ideal titanium-based 
implant material should have high strength but 
commensurate stiffness with that of human bone. For 
example, Song et al (1999) suggested that  stabilising 
elements such as Nb, Ta and Zr can simultaneously 
increase strength and decrease the elastic modulus 
for titanium alloys. In addition, these particular 
alloying elements are known to possess low toxicity 
and interact well with neighbouring cells (Eisenbarth 
et al, 2004). Studies have found that  titanium 
alloys offer lower elastic moduli than those of pure 
titanium and - titanium alloys (eg. Ti-6Al-4V) 
commonly used as load bearing orthopaedic implant 
materials (Niinomi, 1998). For example, Niinomi and 
colleagues have developed Ti-29Nb-13Ta-4.5 alloy 
with an elastic modulus of 67 GPa (Hao et al, 2002), 
compared to a typical value of 120 GPa for pure 
titanium. Therefore, porous biomedical titanium 
alloys based on these  stabilising elements, ie. Ti, Nb, 
Ta and Zr, have been under extensive investigation. 

Due to the high chemical reactivity and high melting 
point of titanium, a solid state foaming process is 
preferable rather than liquid foaming in order to 
produce porous titanium alloy. However, sintering 
of loose powder is known to generally produce a 
structure with low porosity (Oh et al, 2003) whereas 
foaming using a polymer space holder raises 
concerns due to contamination from the polymer 
during its removal (Jee et al, 2000). Another solid state 
foaming technique, fi rst developed by Kearns et al 
(1987), has achieved promising results with porosity 
levels reported up to 44% (Murray & Dunand, 2004). 
This technique utilises highly pressurised argon 
pores created by the hot isostatic pressing (HIP) of 
metal powders, such as commercially pure Ti powder 
(Murray & Dunand, 2004) and Ti-6Al-4V pre-alloyed 
powder (Oppenheimer, 2007; Kearns et al, 1987), in 
the presence of argon gas and followed by expansion 
of the pressurised argon at high temperature. The 
level of porosity achieved can be controlled by the 

Table 1: Powder composition used
for the alloys.

Nb Ta Zr Ti

Weight % 29.04 13.02 4.51 Balance

Purity % 99.8 99.9 99.7 99.5

Fig ure 1: Backscattered scanning electron 
micrograph of the mixed powder.

foaming parameters, such as argon pressure, foaming 
time or foaming temperature. 

A signifi cant disadvantage of this method, however, 
is the use of pre-alloyed powder, which adds to the 
cost and complexity of the manufacturing route. A 
much simpler and lower cost procedure would be 
to use elemental powders as the starting materials 
but concerns have been raised regarding whether 
alloying can be completed under the conditions 
required to manufacture highly porous foam. 
Therefore, the purpose of the present study was to 
fabricate porous titanium alloys from biocompatible 
elemental powders, ie. Ti, Nb, Ta and Zr, that 
possessed high strength and low elastic modulus 
using a powder metallurgy method and argon fi lled 
pore expansion. 

2 EXPERIMENTAL PROCEDURE

The starting elemental powders employed in this 
work, namely Ti, Nb, Ta and Zr (CERAC Inc., 
Milwaukee, USA), were weighed to produce the 
nominal composition as presented in table 1.

The elemental powders were found to be angular 
in morphology, with a wide distribution of particle 
sizes below 44 m. The powder was initially mixed 
in a roller mixer with the morphology of the mixed 
powders being presented in fi gure 1. The Ta particles 
appear brightest due to their high atomic number 
and they are followed by Nb, Zr and Ti. 

Approximately 50 g of the mixed powder was placed 
into stainless steel cans with an inner diameter and 
length of 28 and 30 mm, respectively. Each can was 
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subsequently evacuated to approximately 10–2 Pa 
and then backfi lled with argon gas and sealed. The 
pressurised cans were then densifi ed using HIP 
at 1100 °C for 4 hours under 100 MPa of argon at 
the Australian Nuclear Science and Technology 
Organisation. Cube specimens of approximate side 
dimension 10 mm were cut from the centre of each 
HIP billet using an electrical discharge machine 
(EDM). Following this, the cubic specimens were 
foamed in an argon flushed graphite element 
vacuum furnace (10–2 Pa) at a temperature of 1150, 
1225 or 1350 °C for 10 hours and then furnace cooled 
to room temperature. 

Following this foaming process, the cubic specimens 
were cut into fl at plates using EDM for characterisation 
purposes. Prior to observation using x-ray diffraction 
and microscopy, the EDM damage layer and foamed 
surface layer were removed by light grinding and 
polishing and followed by ultrasonic cleaning in 
acetone. Phase identifi cation within the specimens 
was carried out using a Bruker D8 Advance x-ray 
diffractometer (XRD) with CuK radiation under 
conditions of 40 kV and 40 mA. Following phase 
identifi cation, the specimens were mounted into 
epoxy resin and polished to a 1 m surface fi nish 
prior to examination using a Nikon Eclipse ME600 
optical microscope and a Zeiss Evo 40XVP scanning 
electron microscope. The fraction of porosity within 
each specimen was determined by image analysis 
of 20 micrographs for each specimen using open 
source software (ImageJ, National Institutes of 
Health, USA). Compression tests were carried out on 
specimens of dimension 4 × 4 × 8 mm (similar in size 
to that previously used by Erk et al (2008)) using an 
Instron 5500R mechanical testing machine at a strain 
rate of 10–3 s–1. The specimen strain was measured 
using two clip gauges attached to the platen surfaces 
in contact with the specimen. 

3 RESULTS AND DISCUSSION

The composition and change in phases during 
fabrication of the specimens were examined by 
XRD with typical XRD patterns for the initial 
mixed powder, densifi ed powder following HIP 
and following foaming at 1100, 1225 and 1350 °C 
shown in fi gure 2. The XRD pattern for the initial 
mixed powder (fi gure 2(a)) indicated the presence 
of both hexagonal (hcp), ie. alpha titanium, alpha 
zirconium, and isomorphous body centered cubic 
(bcc) structures, ie. niobium and tantalum. 

Following HIP at 1100  °C for 4 hours, the XRD pattern 
(fi gure 2(b)) showed peaks related to -titanium to 
have been suppressed and unobservable whereas 
peaks corresponding to isomorphous bcc structures, 
ie. tantalum, niobium and -titanium, were clearly 
observed. This result indicates that dissolution of 
tantalum and alpha titanium, together with niobium 
as a beta nucleating agent, was still not complete 

Fig ure 2: X-ray diffraction patterns for various 
samples – (a) mixed powder, 
(b) densified powder by HIP at 
1100 °C, and foamed at (c) 1100 °C,
(d) 1225 °C and (e) 1350 °C.

following HIP. In addition, -titanium particles 
had been transformed to -titanium and this was 
attributed to the HIP temperature of 1100 °C having 
been higher than the  transition temperature 
(883 °C for pure titanium). Furthermore, it is known 
that the presence of isostatic stress through the HIP 
procedure may induce retention of the -titanium 
phase during furnace cooling to room temperature. 
As a comparison, Taddei et al (2004) reported that 
sintering of beta alloy powders at 1100 °C without 
the presence of stress and followed by furnace 
cooling resulted in peaks attributed to  phase 
being observed due to transformation from the  
phase during cooling. Thus, the HIP procedure 
was considered to have noticeably improved beta 
phase development. Interestingly, peaks related 
to zirconium were not detected within the HIP 
and foamed samples with this phenomenon also 
being noted in previous studies (Taddei et al, 2004; 
Sakaguchi et al, 2004). 

The XRD patterns of the samples foamed at 1100, 
1225 and 1350 °C show the presence of peaks 
corresponding to  phase, with only minor peaks 
being noted in relation to  phase. Of interest, the 
relative intensities of the  peaks become higher with 
increasing foaming temperature. It is known that the 
ratio of XRD peak height between the strongest peaks 
of the constituent phases can be used to estimate their 
volume fraction (Hao et al, 2002) and therefore the 
height ratio of the (0111) to (110) peaks indicated 
that the volume fraction of  phase increased with 
foaming temperature. This result was explained by 
the following interpretation, namely that in a highly 
-stabilised alloy, elemental composition affects the 
phase transformation during heating and cooling. 
A higher content of Nb is known to reduce the 
martensite formation temperature, even possibly 
down to room temperature, so that martensite- 
structure formation may be suppressed (Tang et al, 
2000). Furthermore, the addition of zirconium in 
a quaternary alloy may reduce the critical cooling 
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rate, thus allowing  phase to be retained during 

furnace cooling from 1100 °C to room temperature 

(Tang et al, 2000). At higher foaming temperatures, 

a longer time to reach room temperature would be 

required, thus allowing greater intrusion into the 

+ phase fi eld. In accordance with the continuous 

cooling transformation diagram proposed by Tang 

et al (2000), a higher volume fraction of  phase may 

transform to  phase, while a very small portion of  

phase may transform to  phase. While none of the 

foamed samples indicated the presence of  phase by 

XRD, this may simply be due to the low amount of 

 phase present being below the detection threshold 

for XRD (Ikeda et al, 2002; Banumathy et al, 2009).

Microstructures of the HIP sample and the sample 

foamed at 1100 °C have been shown in fi gure 3. 

The backscattered scanning electron micrograph 

of the specimen HIP at 1100 °C for 4 hours (fi gure 

3(a)) showed the presence of titanium particles 

(dark), niobium (grey) and tantalum (bright). 

This micrograph also revealed that the particle 

boundaries had become diffuse due to the dissolution 

of niobium and partial dissolution of tantalum 

particles, indicating that for this HIP condition, 

homogenisation of the alloy was still incomplete. The 

HIP specimens were found to contain pores (black 

spots) that were attributed to incomplete dissolution 

between the elemental powders with the pore sizes 
(typically less than l0 m) being similar to that of the 
original inter powder spacing. The total porosity in 
the majority of HIP specimens was estimated to be 
<3 vol% which is consistent with previous researcher 
(Murray & Dunan, 2006). 

Figure 3(b) illustrates a typical backscattered image 
of the sample foamed at 1100 °C for 10 hours with 
the porosity being calculated to be 10.3 vol%. In this 
micrograph the dissolution of particles was evident 
with the tantalum and niobium particles having 
diffused and become indistinguishable. This result 
suggests that annealing or foaming at 1100 °C with 
a longer holding time may encourage additional 
alloying, even while the pressurised pores are 
causing the metal matrix to expand. Also noted in 
this micrograph was the presence of two distinct 
regions; a prominent lighter grey area representing 
 phase and a smaller dark area which represents  
phase. From analysis of peak height ratios in these 
two regions by energy dispersive spectroscopy, it 
was estimated that the  phase comprised of a higher 
composition of  stabilising elements (ie. Nb, Ta, Zr) 
when compared to the  phase. 

The development of  phase could be observed in 
samples foamed at higher temperatures (1225 and 
1350 °C) as shown in figure 4. When foamed at 

  

Fig ure 3: Backscattered electron image of titanium alloy specimen – (a) HIP at 1100 °C for 4 hours,
and (b) foamed at 1100 °C for 10 hours.

  

Fig ure 4: Backscattered scanning electron image of samples foamed at (a) 1225 °C and (b) 1350 °C.

(a) (b)

(a) (b)
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1225 °C, the  phase, represented by the dark area, 
became larger; these areas appeared as  islands 
surrounded by  phase. When foaming at the highest 
temperature (1350 °C), the  phase continued to 
grow by forming  platelets within the  phase 
matrix along with further pore expansion. Thus, 
the microstructural analysis is in strong agreement 
with the XRD analysis. The pore morphology of the 
samples foamed at 1225 °C remained discrete with 
few coalesced pores and with only a small number of 
pores exceeding 44 m in size (fi gure 4 (a)). In contrast 
to this, samples foamed at 1350 °C indicated the pores 
to have grown considerably larger with the porosity 
level achieving 38.5 vol% and a pore size of typically 
20-100 m; this was attributed to creep deformation 
of the metal and was found to increase with higher 
foaming temperatures. Rupturing of some side pore 
walls was observed, indicating that many pores had 
coalesced with multiple pores sometimes having 
become interconnected (fi gure 4(b)). The foaming 
rate is known to be suppressed if the pores expand 
through to the specimen surface due to escaping 
pressurised argon, while a rise in pore volume will 
also decrease the foaming rate as the driving force 
for further expansion will be reduced. According to 
previous studies, the optimal porosity and pore size 
of implant materials is in the range of 20-50 vol% 
(Thieme et al, 1999) and 50-125 m (Itala et al, 2001), 
respectively. This fabricated porous titanium alloy 
achieved porosity levels of greater than 20 vol% 
and, together with the pore sizes mentioned earlier, 
suggests potential for biomedical applications.

Typical stress-strain curves for the samples foamed at 
1100, 1225 and 1350oC have been presented in Figure 
5 with a marked difference in stress-strain behaviour 
being noted. The typical curve for the sample foamed 
at 1100oC (Figure 5(a)) indicated a large amount 
of ductility in compression with three stages of 
deformation being apparent: elastic stage, plateau 
stage and densifi cation stage. The samples were able to 
sustain compression strains of more than 35% without 
collapse. Figures 5(b) depicts a typical stress-strain 
response for the samples foamed at 1225oC with this 
curve being typical for ductile porous materials. In 
contrast to this, the curve shown in Figure 5(c) for a 
typical specimen foamed at 1350oC was characteristic 
of brittle failure. While the strength of this specimen 
(typically 790 MPa) was higher than that of the less 
porous specimens foamed at 1100 and 1225oC, the 
strain at maximum stress was signifi cantly lower at 
generally less than 3%. The occurrence of an increase 
in brittleness for titanium alloys has previously been 
linked to the existence of oxygen in the porous metal 
(Jorgensen & Dunand, 2010). 

The Young’s modulus of the porous titanium alloys 
were calculated from the initial linear elastic region of 
the compressive stress-strain curves with the results 
from several specimens foamed at 1100, 1225 and 
1350 °C being presented in fi gure 6 as a function of 
pore volume fraction.

Fig ure 5: Typical compression stress-strain 
curves for the specimens foamed at
(a) 1100 °C, (b) 1225 °C and (c) 1350 °C.

Fig ure 6: Influence of pore volume fraction 
on the elastic modulus of (a) fully 
dense titanium (theory), and foamed 
samples at 1350, 1225 and 1100 °C 
(marked) with their models (b), (c), 
(d), respectively.

All of the foamed samples exhibited a similar 
tendency in that the elastic modulus decreased with 
increasing pore volume fraction. The porous alloys 
foamed at 1100 °C showed the lowest values of 
elastic modulus, with a general increase in modulus 
as the foaming temperature increased, ie. 1225 and 
1350  °C. As a comparison, the theoretical curves 
for fully dense pure titanium and the porous alloys 
foamed at 1350, 1225 and 1100 °C (based on a fully 
dense Young’s modulus of 120 (Donachie, 1989), 85, 
65 and 43 GPa, respectively; estimated from average 
values of the fully dense elastic modulus from the 
data points), have also been plotted (fi gure 6). The 
generally low values of stiffness in the samples 
foamed at 1100 °C was attributed to the increased 
presence of  phase, which is known to possess the 
lowest elastic modulus of the three phases, ie. , 
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 and  (Collings, 1984). As mentioned earlier, an 

increase in the foaming temperature increased the 

proportion of  phase, thus leading to an increase 

in the elastic modulus. The elastic moduli of the 

three sets of porous alloys, containing pore volume 

fractions in the range 3.5-38.5 vol%, were observed 

to vary between 9.1-76.2 GPa, thereby illustrating 

that a wide range of porosities and stiffnesses in beta 

stabilised titanium can be achieved from elemental 

starting powders. It should be noted that the 

range of elastic moduli encountered in the present 

investigation for porous titanium alloys included 

the typical range of values noted for nature bone 

(10-40 GPa) (Long & Rack, 1998). According to Erk 

et al (2008), the measured elastic modulus value can 

be estimated using the following model developed 

by Gibson & Ashby (1997):

* * n

s s

E
E

  (1)

where E* and Es are the Young’s modulus of the 

porous and fully dense titanium alloys, respectively, 

and */s is the relative density of the porous and 

fully dense titanium alloy, which is equivalent to 1 – 

pore volume fraction. n is a scaling exponent which 

is known to possess values between 1.8-2.2 (Ashby 

et al, 2000) with a value of n = 1.8, as reported by 

Erk et al (2008), being used in this work. While the 

data points followed the general trends in the theory 

curves predicted from equation (1), a signifi cant 

amount of scatter was present within each foaming 

condition. This scatter was attributed to the presence 

of imperfections in the porous alloys such as irregular 

pore shapes, non-uniform pore sizes, and random 

pore size distributions, whereas the theory used by 

equation (1) is based on an idealised microstructure, 

eg. uniform cellular or pore shapes arranged in a 

cubic array. 

4 CONCLUSIONS 

Porous titanium alloys containing  stabilised 

elements with low toxicity, ie. Nb, Ta and Zr, have 

been successfully developed from the expansion 

of argon fi lled pores using elemental powder as 

starting materials. The porous titanium alloys 

were fabricated to achieve porosity levels and pore 

sizes of up to approximately 38.5% and 20-100 

m, respectively. Young’s moduli values under 

compressive loading of the porous titanium alloys 

foamed at 1100, 1225 and 1350 °C were found to 

be in the range of 9.1-78.2 GPa. The presence of  

phase, which increased with foaming temperature, 

was found to have a strong effect on increasing 

Young’s modulus within the TiNbTaZr quaternary 

alloy under investigation. This porous titanium 

alloy is expected to be a promising candidate for 

low stiffness biocompatible implant materials.
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