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a b s t r a c t

Porous Ti5Al2.5Fe alloy was successfully fabricated using the spark plasma sintering technique. Exper-
iments were performed within a temperature range of between 750 and 850 �C. The microstructure,
compression and biocompatibility properties of the porous samples were investigated. Sintered samples
were immersed for different times in a simulated body fluid with elemental concentrations comparable
to those of human blood plasma. Porous sample was also implanted in fibroblast culture for biocom-
patibility evaluation. The compressive strength of the porous samples was found to be mainly dependent
on sintering temperature, and the porous compacts exhibiting good biocompatibility properties.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Metallic materials are suitable for hard tissue applications such
as artificial hip joints [1]. Among the various metallic biomaterials
available, titanium and its alloys are preferred for orthopedic and
dental implants due to their excellent biocompatibility, osseointe-
gration properties, and high strength-to-weight ratio [2,3]. One of
the major problems related to the use of metallic biomaterials in
orthopedic surgery is the mismatch in Young’s modulus between
bone and metallic material [1,4]. Porous metallic materials are
currently attracting increased research attention as a method with
which to reduce such mechanical mismatches and also to achieve
stable long-term fixation by means of full bone ingrowth [5].
However, the porous material used must meet certain re-
quirements. For instance, the pores should be open, sufficiently
large, and form through channels connected with one another,
while the porous material should also exhibit suitable mechanical
properties [6].

Porous titanium parts can be prepared using a number of
different methods, such as traditional powder metallurgy, direct
laser metal sintering, electro discharge sintering, multiple coating
anoglu).
techniques, and sequential freeze casting. However, in most of
these techniques it is difficult to effectively control the porous
structure produced, resulting in poor biomechanical properties and
low osteoconductivity [7]. In contrast, the use of powder metal-
lurgical methods enables the production of porous materials with
suitable properties. For example, Oh et al. [8] successfully fabricated
porous Ti compacts via powder sintering, with a porosity range
from 5 to 37%.

The most common titanium-based implant materials used for
commercial purposes are pure titanium and Ti6Al4V alloy [9]. Pure
titanium is typically preferred for applications in which corrosion
resistance is of critical importance, such as dental implants. How-
ever, when the mechanical properties of the material are the main
focus, Ti6Al4V alloy is widely considered one of the best materials
for use in medicine due to its mechanical behavior, chemical sta-
bility, and easy control of its microstructure [10]. Recent studies
examining such biomedical materials concerns the toxic effects of
aluminum and vanadium. Especially vanadium in the alloy may
cause serious problems to the human body. The toxicity of vana-
dium is known and can be particularly severe when the implant is
fractured under conditions of fatigue [11]. Researchers now
attempting to identify safer titanium-based biomaterials. For
example, Ti5Al2.5Fe has similar properties to those of Ti6Al4V and
was developed in response to concerns over potential vanadium
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cytotoxicity [12].
Spark plasma sintering (SPS), also known as the field assisted

sintering technique (FAST) or pulsed electric current assisted sin-
tering (PECAS), is a novel sintering method able to produce high-
density components at relatively low process temperatures and
short holding times compared with conventional sintering tech-
niques. SPS has been employed to fabricate full-density compacts
from a number of traditionally difficult to sinter materials in the
fields of metals, ceramics and composites [13,14].

During the SPS process, a pulsed DC current and uniaxial pres-
sure are applied to a green body in a graphite die; activation of the
particles is achieved by the application of an electrical discharge.
For electrically conductive materials, heating occurs mainly due to
the Joule effect. Although the occurrence of plasma discharge in
proximity to the surface particles remains under debate, it is widely
accepted that an electrical discharge is produced on a microscopic
level. This effect may in turn result in a number of phenomena that
enhance densification, such as surface particle activation or local
melting and evaporation on the surface of the particles, which
induce neck formation. The presence of the electrical field accel-
erates diffusion due to the enhanced ion migration speed. Densi-
fication can be achieved rapidly and, therefore, this process can be
employed to control grain growth by using sintering times shorter
than those typical of conventional processes such as hot pressing or
hot isostatic pressing [15,16]. Pressure-assisted SPS has previously
been used in the production of various different titanium alloys. For
example, Ibrahim et al. [17] used SPS to sinter both pure titanium
and Ti5Mn alloys of varying porosities, with NH4HCO3 used as a
space holder and TiH2 as the foaming agent.

However, although Ti5Al2.5Fe alloy has high strength and is
thus expected to be widely used as an implant material there is
limited research on its microstructural, mechanical and biocom-
patibility properties. The present study was therefore carried out in
order to examine the production, mechanical and biocompatibility
properties of the alloy processed via pressureless spark plasma
sintering.

2. Experimental

In the present study, a pressureless spark plasma sintering
method was employed for the production of porous Ti5Al2.5Fe
alloy, with processing accomplished using a Dr Sinter Lab 515S
system (SPS Syntex Inc.). In order to achieve pressureless condi-
tions during SPS processing, the regular shape designwas modified
based on Bradbury et al. [18]. T-shape rather than cylindrical
punches were used, composed of the same graphite material used
in die fabrication. A working space was obtained between the
punch faces within the standard SPS die, which experienced no
external load during processing, as seen in Fig. 1a. Die and punch
outer diameter was 30 mm, and interior die and inner punch di-
ameters 10.4 and 10 mm, respectively. Minimum pressure was
applied in order to supply sufficient contact resistance through the
punch exterior and die wall interior. Directed current routing was
accomplished via the placement of graphite paper spacers pressed
between the die and punch faces.

Ti-5Al-2.5Fe pre-alloyed powders were used as the rawmaterial
with which to produce the porous structure. Fig. 1b, which shows a
scanning electron microscopy (SEM) image of a powder, reveals
that the particles exhibited a spherical morphology with no satel-
lite formation. The powders were subjected to pressureless spark
plasma sintering (PSPS) with a heating rate of 100 �C min�1, and
were held at 750, 800 and 850 �C for 5 min in a vacuum. Minimal
contact pressure was maintained at 5 MPa throughout the process,
but was completely supported by the die. DC pulse timing was held
constant at 12 pulses on and 2 pulses off, with a pulse duration of
~3.3 ms; the temperature was measured using a K-type thermo-
couple mounted into the graphite die wall. Sintered densities of the
porous compacts were determined using a conventional gravi-
metric method. Compression properties of the produced porous
Ti5Al2.5Fe alloy were carried out using an Instron 5982 Universal
Testing Machine equipped with a 100 kN load cell. Compressive
data were obtained in the Bluhill 2 DAQ software package. A slow
strain rate (0.5 mm min�1) was applied in all tests.

Additional cylindrical porous compacts were then prepared
metallographically in rough sand and rinsed ultrasonically in
acetone, absolute alcohol and deionized water in turn five times for
biocompatibility tests. The porous samples were dried in an oven at
70 �C prior to SBF analysis, followed by immersion in sealed test
tubes containing 20 ml SBF for 7, 14 or 21 days. A more detailed
description of the employed SBF preparation process can be found
in Ref. [19]. Experiments were performed in a laboratorywater bath
maintained at a constant temperature of 37.5 �C and subjected to a
continuous vibrating motion in order to help maintain a uniform
ion concentration. After immersion in SBF for the selected period,
the compacts were retrieved, gently rinsedwith distilled water, and
dried at 45 �C for 1 day. After drying, the samples were sputter-
coated with Au and the surfaces examined via scanning electron
microscopy (JEOL JSM-6060) using a voltage of 15 kV.

3. Results and discussion

The final compact dimensions were a length of 10 mm and a
diameter of 15 mm;macro and SEM images of the produced porous
compacts are shown in Fig. 2. No considerable size and shape
changes were seen due to the absence of any pressure application.
The porosity ratio of the specimens decreased with increasing
temperature, with the samples sintered at 750, 800 and 850 �C
exhibiting ratios of 29.1, 28.7 and 28.4%, respectively. Increasing the
sintering temperature thus caused a small decrease in compact
porosity level. In biomedical parts, a higher degree of both bone
growth into porous surfaces and body fluid transport through
three-dimensional interconnected pore arrays are required. A
number of studies have shown that the porosity level of titanium
compacts considered suitable for bone replacement is around 30%,
a figure in accordance with the proposed optimal porosity value for
the ingrowth of new-bone tissues [20]. Therefore, the porosity re-
sults recorded in the present study demonstrate the suitability of
the tested compacts as implant materials. In powder metallurgy,
the three stages of the sintering process are typically classified
based on the neck size/particle size ratio (X/D). If the X/D ratio is
smaller than 0.33, between 0.33 and 0.5, or higher than 0.5, the
process can be estimated as at the initial stage, intermediate stage,
and final stage, respectively [21]. In the present study the (X/D) size
ratio was normally affected by the sintering temperature, with
samples sintered at 750, 800 and 850 �C recording ratios of 0.27,
0.29, and 0.30, respectively. Although these values are below 0.33,
particle bonding in the compacts was strong. The pulse voltage
produced between connected particles during spark plasma sin-
tering caused enhanced diffusion at the contact points (Fig. 2b) of
particles, resulting in enhanced mechanical properties. Fig. 2b also
shows the dimple mode fracture region of these contact points.

The typical porous structure of metallic alloys can absorb large
amounts of energy when exposed to compression deformation,
with the maximum force generated by the porous structure always
lower than the dense body under the given level of energy [22]. The
value of the Young’s Modulus can be decreased by producing high
porosity levels. However, a porous structure also affects the mate-
rial’s mechanical properties. In the present study we also investi-
gated the compression properties of the produced porous
Ti5Al2.5Fe alloy. An image of a sample after the compression test is



Fig. 1. a) Die design used in the experiments, b) SEM image of the as-received pre-alloyed Ti5Al2.5Fe powders.

Fig. 2. a) Macro image of porous compacts processed via PSPS, b) SEM images of the porous compacts.
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shown in Fig. 3. The compressive strength of the porous compacts
increased with increasing sintering temperature, with the sample
sintered at 850 �C exhibiting a compressive strength of around
300 MPa. During the compression tests, deformation in the parts
became non-uniform along the diagonal axes at 45� to the loading
direction, as indicated by the arrows in Fig. 3. This shear band then
caused a reduction in the load carrying capacity of the deforming
compact during the compression test. Failure was completed by the
separation of the bonded particles on the shear bands, starting from
the corners of the cylindrical compact sample (Fig. 3) [19].

SEM images of the samples placed in SBF for the three different
periods are shown in Fig. 4a, b, and c. Analysis of Fig. 4a reveals that
after 7 days immersion, a number of globular apatite particle
islands had grown on the compact surface, with the quantity and
size of the apatite particles gradually increasing with immersion
time. After 21 days immersion, the surfaces of the samples were
covered with large apatite particles. Subsequent EDS
characterization of the tested samples revealed that the dominant
elements present on the sample surfaces were Na, Cl and Ca after
immersion in SBF for all periods.

For the cell culture tests, a 3T3 rat fibroblast cell line was pro-
vided by American Type Culture Collection (Rockville, MD, USA)
and was grown in a monolayer culture in Dulbecco’s Modified Ea-
gle’s Medium-F12 (DMEM-F12; Biological Industries, Israel) sup-
plemented with 10% heat-inactivated fetal calf serum (Sigma
Chemical Co., St Louis, Missouri). Following Trypan Blue exclusion
assay, 3T3 cells were plated in six-well culture plates containing
5 ml DMEM-F12 medium at a concentration of 1 � 105 cells/well.
After attachment, compacts were placed in the wells. Cells were
harvested at 96 h, with the total cell number determined using an
automated cell counter (Nucleocounter, Denmark). The Statistical
Packages for the Social Sciences (SPSS) 17.0 statistical software
program (SPSS, Inc., Chicago, IL, USA) was used for statistical
analysis. Cell culture tests indicated that the produced porous



Fig. 3. Compression test results and the shear band produced during porous compact
failure.

Fig. 4. SEM images of the surfaces of the sintered compacts: a) 7 days immersion, b) 14 days immersion, c) 21 days immersion in SBF, d) living cells on the sample surface after 96 h
culture.
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Ti5Al2.5Fe compacts were biocompatible. According to the cell
viability test the compact exposed to the pure culture medium
(control group) exhibited 99% cell viability. In the porous compacts,
cell viability was maintained at 88%. When compared to the control
group, the porous samples presented reasonable vitality. Fig. 4d
shows images of cells found on the sample surfaces after 96 h
culture. All cells were well spread along the surfaces, as shown in
Fig. 4d, with some cell growth also observed.
4. Conclusion

We successfully prepared a porous Ti5Al2.5Fe alloy by a pres-
sureless spark plasma sintering method. The pressure was sup-
ported by the graphite during the process to produce porous
structure. Increasing sintering temperature caused a small decrease
in compact porosity level and an extensive increase in compressive
strength. After biocompatibility test, the sample showed reason-
able vitality.
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