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Biomedical porous NiTi alloys with tailored pore sizes at the same porosity levels (�50%) were prepared
by microwave sintering technique and space holder method. The effects of pore sizes on the microstruc-
ture, macrohardness, compressive strength, elastic modulus, superelasticity and corrosion resistance of
the porous NiTi alloys were investigated. The results showed that the porosities of the porous NiTi alloys
mainly depended on the weight ratio of the NH4HCO3 space holder agents, while the pore sizes mainly
depended on the particle sizes of the space holder agents. The porous NiTi alloys mainly consisted of
the predominant NiTi phase and the secondary phases Ti2Ni and Ni3Ti. With increasing the pore sizes
of the porous NiTi alloys, the Ti2Ni phase and Ni3Ti phase increased, while the NiTi phase decreased.
The hardness, compressive strength and elastic modulus of the porous NiTi alloys presented ‘‘S’’ type vari-
ation tendency with the pore sizes, respectively. The superelasticity of the porous NiTi alloys could reach
�4% under the pre-strain of 5% as the pore sizes smaller than 294 lm. Moreover, partial shape memory
effect was observed for all pore size levels under the experiment conditions. The increase of the pore sizes
had adverse effects on the corrosion resistance of the porous NiTi alloys in Hank’s solution.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Over the last few decades, it is well-known that a great progress
has been achieved in metallic implants in orthopaedic surgery.
However, one of most critical issue frequently encountered in
orthopaedic biomaterials is ‘‘stress shielding’’ generated from the
large mismatch of elastic modulus between the hard tissue
(<20 GPa) and the implant materials (>100 GPa), which may lead
to the resorption of the hard tissue, loosening of the implants
and the failure of implantation finally [1–4]. In order to lower
the elastic modulus of the bulk metals, one important methodol-
ogy is to introduce the pores into the metals and form the porous
materials which mimic the architecture and mechanical properties
of natural bone [5]. Porous structure could not only provide the
adjustable elastic modulus and improve the biomechanical com-
patibility of the implants, but also provide the necessary
framework for the bone cells to grow into the pores and integrate
with the host tissue [5–7].

Recently, a large number of porous metals and their alloys have
been systematically studied for orthopaedic applications, such as Ti
[8], Ti–6Al–4V alloy [9], Ti–Mo alloys [10], Ti–Nb alloys [11], Ti–Ag
alloys [12], Ti–Mg alloys [13], Ni–Ti alloys [6] and Mg and its alloys
[14]. Among these materials, the near-equiatomic Ni–Ti alloys
have been attracted more attentions due to their unique shape
memory effect and superelasticity, which is beneficial to obtain
easier deployment of the implants into the implantation site.
Previously several methods have been employed to fabricate the
porous NiTi alloys, including powder metallurgy methods (conven-
tional sintering (CS) in vacuum [15] or argon [16], hot isostatic
pressing (HIP) [17], self-propagating high-temperature synthesis
(SHS) [18], spark plasma sintering (SPS) [19]), selective laser melt-
ing (SLM) [20], electron beam melting (EBM) [21], solid-state
foaming by expansion of argon bubbles [22] and continuous zone
melting with hydrogen gas evolution during solidification [23],
etc. Moreover, in order to adjust the pore fraction, size and shape
of porous NiTi alloys, various space holders had been added into
the NiTi green compacts, such as NH4HCO3 [15,24], Mg [25], NaCl
[26] and NaF [27].
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Fig. 1. Schematic diagram of the insulation barrel setup.

Table 2
Chemical component of Hank’s solution.
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Microwave sintering technique emerged as a new sintering
method for ceramics, semiconductors, metals and composites, is
a process in which the materials couple with microwaves, absorb
the electromagnetic energy volumetrically, and transform into
heat, heating the green compacts up to sintering temperature for
densifying and alloying [28–30]. Therefore, compared with con-
ventional sintering, the microwave sintering technique possesses
many intrinsic advantages, such as reduced energy consumption,
rapid heating rates, reduced sintering times, enhanced element dif-
fusion processes and improved physical and mechanical properties
[28,29]. Recently, Tang et al. [31] and our preliminary work [32]
had reported that the microwave sintering could be employed to
prepare the porous NiTi alloys. The pore size is an importance fac-
tor for the mechanical properties, corrosion resistance and biolog-
ical properties of the biomedical porous materials. Therefore, in
this paper the porous NiTi alloys were prepared by microwave sin-
tering using the sieved ammonium hydrogen carbonate
(NH4HCO3) as the space holder agent to adjust the pore size. At
the same time, under the same porosity (�50%), the effect of pore
sizes on the phase composition, compressive strength, elastic mod-
ulus, superelasticity and corrosion resistance of the porous NiTi
alloys were investigated systematically.
Components Concentration (g/L)

NaCl 8
KCl 0.4
MgSO4�7H2O 0.06
KH2PO4 0.06
Na2HPO4�2H2O 0.06
NaHCO3 0.35
Glucose 1
MgCl2�6H2O 0.1
CaCl2 0.14
2. Material and methods

Commercially available carbonyl Ni powders (particle size <2 lm, pur-
ity > 99.7%) and Ti powers (particle size <10 lm, purity > 99.5%), with a nominal
atomic ratio of 50.8–49.2, were used to prepared porous NiTi alloy in this experi-
ment. In order to control the pore size of the porous NiTi alloys, the 20 wt.% sieved
pure NH4HCO3 powders were mixed into the Ni powders and Ti powders as the
space holders, in which the NH4HCO3 powders were sieved into �200 mesh,
�120 mesh, �60 mesh and �45 mesh, respectively, shown in Table 1. The mixed
Ni–Ti–NH4HCO3 powders were blended in a planetary ball mill (QM-3SP4,
Nanjing University Instrument Plant) at speed of 200 r/min for 2 h. The blended
powders were cold-pressed into green samples with dimensions of U
20 mm � 15 mm through a uniaxial pressure of 280 MPa for 30 s. The green sam-
ples were put into an alumina crucible with SiC particle covering the green sample.
Then the alumina crucible was put inside a mullite fiber cotton insulation barrel.
The schematic diagram of the insulation barrel setup is shown in Fig. 1. Finally,
the insulation barrel was put into a 2.45 GHz, 5 kW continuously adjustable micro-
wave equipment (NJZ4-3, Nanjing Juequan Co., Ltd.). The green samples were sin-
tered by microwave heating at a rate of 20–30 �C/min to 1000 �C for 15 min.
During the sintering process, the microwave sintering chamber was filled with high
purity argon gas flow (99.999%) and a Reytek infrared pyrometer was used to mea-
sure the temperature of the sintered samples.

The porous structure of the porous NiTi alloys was investigated by an optical
microscopy (DM1500, Shenzhen HIPOWER), the pore size was analyzed by software
of image-pro-plus 6.0 and the porosity was tested by Archimedes drainage method
[24]. The phase composition of the porous NiTi alloys was identified by X-ray
diffraction (XRD, Bruker D8 FOCUS). Rockwell hardness of the porous NiTi alloys
was measured by HRB-150A hardnessmeter with a load of 100 kg for 3 s.
Compression test were carried out at ambient temperature of 25 �C with a constant
rate of 0.05 mm/min on Instron WDW-50 testing machine to obtain the compres-
sive strength and elastic modulus of the porous NiTi alloys and on Instron 3365
testing machine to investigate the superelasticity of the porous NiTi alloys. The
compressive samples were machined into cylindrical solid with a dimension of U
4 mm � 8 mm (L/D = 2.0, ASTM E9-09).

The corrosion resistance of the porous NiTi samples in Hank’s solution (its
chemical component shown in Table 2) at room temperature was evaluated by
potentiodynamic polarization test through CHI650D electrochemical analyzer.
The electrochemical measurement was conducted using a conventional three elec-
trodes electrochemical cell with a saturated calomel electrode (SCE) as the refer-
ence, a Pt foil as the auxiliary electrode, and the samples with the area of 1 cm2
Table 1
Processing conditions and pore characteristic of the porous NiTi alloys.

Porous NiTi
sample

NH4HCO3 particle size
(lm)

Porosity
(%)

Average pore size
(lm)

Sample 1 �200 mesh (675) 51.9 ± 1.21 97 ± 3.51
Sample 2 �120 mesh (6125) 51.5 ± 1.08 149 ± 7.30
Sample 3 �60 mesh (6250) 50.1 ± 0.95 238 ± 7.10
Sample 4 �45 mesh (6355) 52.9 ± 1.13 294 ± 9.95
as the working electrode. The polarization scan rate was controlled at
0.167 mV/s. The corrosion current density of the samples was obtained by the
Tafel extrapolation method. The polarization resistance (Rp) of the samples was cal-
culated through Stern–Geary equation [33]:

Rp ¼
ba � bc

2:303jcorrðba þ bcÞ
ð1Þ

where ba and bc represented the slopes of anodic and cathodic Tafel plots, respec-
tively, and jcorr represented the corrosion current density of the sample.

3. Results and discussion

Fig. 2 shows the optical micrographs of the porous NiTi alloys
prepared by microwave sintering with different particle sizes of
NH4HCO3 space holders, and their porosities and average pore sizes
of the porous NiTi alloys were shown in Table 1. It could be seen
from Fig. 1 that the pore sizes of the porous NiTi alloys increased
with increasing the particle sizes of NH4HCO3 space holders, while
the number of the pores distributed over the surface decreased.
Many isolated circular-like pores were distributed on the surface
of porous NiTi alloy prepared by 425 lm and 250 lm NH4HCO3

space holders. The connectivity among the pores was gradually
enhanced as the decrease of the NH4HCO3 particle sizes.
Moreover, according to Table 1, it could be clear that the
NH4HCO3 particle sizes had no obvious effect on the porosities of
the porous NiTi alloys, and the average pore sizes of the porous
NiTi alloys were larger than the particle sizes of NH4HCO3 space
holders as the NH4HCO3 particle size smaller than 250 lm.
Because all the NH4HCO3 space holder added into the green sample
was 20 wt.%, the smaller the NH4HCO3 particle sizes, the more the
number of the NH4HCO3 particles, which resulted in the increase of
the interconnectivity among the pores and the increase of pore
size. The pores distributed over the porous NiTi alloys could be
divided into two types. The large pores were mainly derived from



Fig. 2. Optical micrographs of the porous NiTi alloys prepared by microwave sintering with different particle sizes of NH4HCO3 space holders: (a) 355 lm; (b) 250 lm; (c)
125 lm; and (d) 75 lm.
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the decomposition of the NH4HCO3 space holders [34]. The small
pores could be attributed to the gap between the powders, the
volatilization of impurities in the green, Kirkendall pores and vol-
ume shrinkage during the alloying and densifying process of the
green samples [32,35,36].

Fig. 3 shows the XRD patterns of the porous NiTi alloys with dif-
ferent pore sizes. The desired B2 NiTi phases were the predominant
phases in the porous NiTi alloys as the pore size smaller than
238 lm, while the intensity of the second phases (Ni3Ti and
Ti2Ni) diffraction peaks increased with increasing the pore sizes,
especially, the pure Ni phase detected from the porous NiTi alloys
with the pore size of 294 lm. The microwave sintering process,
including the greatly enhanced diffusion of the atoms under the
microwave field and the quickly derived microwave heating from
absorbing the electromagnetic energy volumetrically (which were
fundamentally different from the conventional heating derived
Fig. 3. XRD patterns of the porous NiTi alloys with different pore sizes.
from the conduction, radiation and convection) [28,29], could
accelerate the alloying of the NiTi green compact sample and facil-
itate its complete reaction, resulting in less the Ti2Ni and Ni3Ti
phases formation within the shorter holding time (15 min)
[24,31,32]. However, after the thermal decomposition of
NH4HCO3 occurred, the pores were left inside the NiTi green com-
pact samples. The larger the NH4HCO3 particle size, the larger
pores left inside the NiTi green compact sample, which greatly
impeded the diffusion of the atoms on a large scale and form the
local Ti-rich region and Ni-rich region, resulting in the increase
of Ni3Ti phase and Ti2Ni phases with increasing the pore sizes, even
the appearance of pure Ni inside the porous NiTi alloys.

The compressive curves of the porous NiTi alloys with different
pore sizes are shows in Fig. 4 and the compressive strength and
elastic modulus of the porous NiTi alloys extracted from the com-
pressive curves are shown in Fig. 5. The compressive strength and
elastic modulus of the porous NiTi alloys had the same ‘‘S’’ type
Fig. 4. Compressive curves of the porous NiTi alloys with different pore sizes.



Fig. 5. Relationship between pore sizes and compressive strength and elastic
modulus of the porous NiTi alloys.
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variation tendency with the pore sizes, namely, with increasing the
pore sizes, the values decreased firstly, and then increased, fol-
lowed by decreased again. The compressive strength was in range
of 111–210 MPa and the elastic modulus was in range of 1.19–
2.69 GPa. The porous NiTi alloy sample with the pore size of
238 lm exhibited the maximum compressive strength value and
elastic modulus value, while the 294 lm sample presented the
minimum values. All of the elastic modulus of the porous NiTi
alloys was very close to the elastic modulus of natural bone (3–
20 GPa for cortical bone and 0.05–0.5 GPa for cancellous bone)
[37]. At the same time, the compressive strength was very close
to that of natural bone (100–230 MPa for cortical bone and 2–
12 MPa for cancellous bone) [37].

The effect of pore sizes on the Rockwell macrohardness of the
porous NiTi alloys is shown in Fig. 6. With increasing the pore sizes,
the Rockwell macrohardness of the porous NiTi alloys decreased
firstly, and then increased, reaching the maximum value of HRB
67 at the pore size of 238 lm, followed by decrease again. The vari-
ation tendency of Rockwell macrohardness with the pore sizes was
consistent with the compressive strength and elastic modulus of
the porous NiTi alloys. In general, both of the pore size and the
number of pores have adverse effects on the mechanical properties
of the porous materials. The mechanical properties decreased with
increasing the number of the pores and the pore sizes. In this
Fig. 6. Relationship between pore sizes and Rockwell hardness of the porous NiTi
alloys.
paper, the increase of the pore sizes of the porous NiTi alloys
was accompanied by the decrease of the number of the pores to
keep the same porosities (seen in Fig. 2). The increase of the pore
sizes would decrease the mechanical properties, while the
decrease of the number of the pores would increase the mechanical
properties. Therefore, the compressive strength and hardness of
the porous NiTi alloys were not the single increase or decrease
with increasing the pore sizes, but exhibited ‘‘S’’ type variation
tendency.

The stress–strain curves of three loading–unloading circles
compressive tests of the porous NiTi alloy with different porosities
at pre-strain of 5% are shown in Fig. 7 and the experimental results
are shown in Table 3. Each sample was compressed to the strain of
5% at room temperature, and then unloaded. After unloading, the
residual strains were 0.91%, 1.02%, 0.88% and 1.89% for the samples
with the pore sizes of 97 lm, 149 lm, 238 lm and 294 lm, respec-
tively. Through other two loading–unloading circles, all of the
stress–strain curves turned into closed loops, in other words, the
samples exhibited nearly complete superelasticity. The superelas-
ticity of the porous NiTi alloys could reach around 4% as the pore
sizes smaller than 238 lm, while the superelasticity decreased to
3.11% when the pore size was up to 294 lm. If the compressed
samples were heated to 80 �C, higher than the Af (about 50 �C),
the residual strains of the samples could be recovered to 66.2%,
63.6%, 56.3% and 44.8%, respectively due to their shape memory
effect. Finally, the strain recovery, including superelasticity and
shape memory effect, could be calculated shown in Table 3. The
strain recovery of the porous NiTi alloys could reach 4.6% as the
pore sizes smaller than 238 lm, and it decreased to 3.96% when
the pore size was up to 294 lm. The superelasticity of the micro-
wave sintered porous NiTi alloys was lower than the pre-strain
of 5%, which was consistent with other reports [15,25,31]. It is well
known that the dense bulk NiTi alloy can recover up to 8% strain in
uniaxial deformation by a reversible stress-induced martensitic
transformation [38]. However, when the porous NiTi alloy was
deformed to 5%, the certain local strain might be higher than 8%
due to the stress concentration generated from the large number
of pores or other defects inside the porous NiTi alloy. Therefore,
the porous NiTi alloy is difficult to possess the actually complete
superelasticity or shape memory effect. Moreover, the existence
of Ti2Ni and Ni3Ti phases would deteriorate the superelasticity or
shape memory effect of the NiTi alloys [38]. There was another rea-
son for the incomplete superelasticity or shape memory effect of
the porous NiTi alloys. However, in any case the porous NiTi alloys
exhibiting the superelasticity of �4% can greatly match the natural
bone which has a recoverable strain around 2% [5,25,38].

Fig. 8 shows the potentiodynamic polarization curves of the
porous NiTi alloys with different pore sizes in Hank’s solution,
and the results of the potentiodynamic corrosion test of the porous
NiTi alloys are shown in Table 4. It could be seen that the corrosion
current density of the porous NiTi alloys slightly increased with
increasing the pore sizes, while the corrosion potential had no
obvious changes. It is well known that the corrosion potential is
a thermodynamic concept representing the corrosion tendency of
materials, while the corrosion current density is a dynamic concept
representing the corrosion rate of materials. Moreover, the polar-
ization resistance (Rp) of the porous NiTi alloys decreased with
increasing the pore sizes. Therefore, it could be concluded that
the corrosion resistance of the porous NiTi alloys slightly decreased
with increasing the pore sizes. Compared to the dense NiTi alloys
[32], the corrosion resistance of the porous NiTi alloys in this paper
was decreased by two or three orders of magnitude. This might be
ascribed to the following reasons. First, the real contact area
immersed in the Hank’s solution of the porous NiTi alloys was
much larger than that of dense NiTi alloys due to their porous
structure. Second, the porous structure was prone to generating



Fig. 7. Stress–strain curves of three loading–unloading circles compressive tests of the porous NiTi alloy with different pore sizes at the pre-strain of 5%: (a) 97 lm; (b)
149 lm; (c) 238 lm; and (d) 294 lm.

Table 3
Results of loading–unloading compressive tests of the porous NiTi alloys with
different pore sizes.

Average pore
size (lm)

Superelasticity
(%)

Residual
strain (%)

Shape
recovery
(%)

Strain
recovery
(%)

97 4.09 0.91 66.2 4.69
149 3.98 1.02 63.6 4.63
238 4.12 0.88 56.3 4.62
294 3.11 1.89 44.8 3.96

Fig. 8. Potentiodynamic polarization curves of the porous NiTi alloys with different
pore sizes in Hank’s solution.

J.L. Xu et al. / Journal of Alloys and Compounds 645 (2015) 137–142 141
the crevice corrosion, which would accelerate the corrosion of the
porous NiTi alloys. Finally, the cavitation corrosion would occur
around the secondary Ni3Ti and Ti2Ni phases [36,39,40], and the
galvanic corrosion also would occur between the NiTi alloy and
the second phases due to their different chemical potential.

According to the above results, the particle sizes of NH4HCO3

space holders had an obvious influence on the pore sizes and phase
composition of the microwave sintered porous NiTi alloys, and fur-
ther greatly affected the mechanical properties and corrosion resis-
tance of the porous NiTi alloys. The ideal bone implant materials
should have the porosity in the range of 30–90% and the optimal
pore size of 100–400 lm [41,42]. Thus by considering the pore size,
the particle sizes of NH4HCO3 space holders should be larger than
75 lm under this experimental condition. Only considering the
phase composition, mechanical properties, superelasticity and cor-
rosion resistance, the particle size of NH4HCO3 space holders
should be smaller than 355 lm under this experimental condition.
Therefore, the optimal size of the NH4HCO3 space holders should
be ranged from 125 lm to 250 lm under the experimental
conditions.



Table 4
The results of the potentiodynamic corrosion test of the porous NiTi alloys with
different pore sizes in Hank’s solution.

Pore size
(lm)

Ecorr

(V)
jcorr (A/
cm2)

ba (mV/
dec)

Bc (mV/
dec)

Rp (X/
cm2)

97 �0.249 7.78 � 10�6 188 176 6.05 � 103

149 �0.225 8.31 � 10�6 171 150 5.95 � 103

238 �0.232 9.64 � 10�6 196 202 4.48 � 103

294 �0.237 2.49 � 10�5 157 203 1.54 � 103
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4. Conclusions

In this paper, the porous NiTi alloys with different pore sizes
ranged from 97 ± 3.51 lm to 294 ± 9.95 lm at the same porosity
of �50% were prepared by microwave sintering using NH4HCO3

as the space holder agent. The porous NiTi alloys mainly consisted
of the predominant NiTi phase and the undesired secondary Ti2Ni
and Ni3Ti phases, and the undesired secondary phases increased
with increasing the pore sizes. The hardness, compressive strength
and elastic modulus of the porous NiTi alloys presented ‘‘S’’ type
variation tendency with the pore sizes, respectively. The superelas-
ticity of the porous NiTi alloys could reach �4% under the
pre-strain of 5% as the pore sizes smaller than 294 lm. The shape
recovery and the strain recovery of the porous NiTi alloys gradually
decreased with increasing the pore sizes as well as the corrosion
resistance in Hank’s solution.
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