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Abstract: The porous NiTi alloys were prepared by microwave sintering from Ni/Ti powder with different particle sizes, and the

effect of particle size on the microstructure and mechanical properties of the porous NiTi alloys was systematically investigated. The

results show that the undesired Ti;Ni and Ni;Ti phases in the porous NiTi alloys decrease and the Ni phase disappears with

decreasing the particle sizes. At the same time, the pore shapes of the porous NiTi alloys change from the irregular shape with sharp

angles to the suborbicular shape. Moreover, both of the porosities and pore sizes of the porous NiTi alloys increase with increasing

the particle sizes, while all of the Rockwell hardness, compressive strength and bending strength decrease. Therefore, the decrease of

particle sizes is beneficial to obtain the microwave sintered porous NiTi alloys with desired microstructure (pure phase composition

and uniform pore structure) and high mechanical properties.
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Porous near-equiatomic nickel-titanium shape memory
alloys (NiTi SMAs) have attracted considerable attentions in
biomedical applications and damping applications due to their
inheritance of the unique properties of dense NiTi SMAs, such
as shape memory effect, superelasticity and high damping
capacity'”!. As a biomaterial, the porous structure of NiTi
alloy not only reduces the elastic modulus and avoids the
stress-shielding effect, but also allows the ingrowth of new
bone tissue and vascularization and obtains a firm fixation of
the implants, which is potential to use in the human hard
tissue repair and replacement'"*®. As a damping material, the
porous structure of NiTi alloy not only reduces the weight, but
also further enhances the damping capacity, which has
potential for use in energy-absorbing structures'”*.

Since NiTi alloy has a high melting point (1310 °C), the
methods for preparing porous NiTi alloy have been limited to
powder metallurgy (PM) techniques”. Recently, many PM
methods have been employed to prepare the porous NiTi
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alloys, including conventional sintering (CS)!'”, hot isostatic
pressing (HIP)!'", self-propagating high-temperature synthesis
(SHS)'™, selective laser melting (SLM)!'*), metal injection
molding (MIM)!"*! spark plasma sintering (SPS)"" and
te.17, methods, the

microwave sintering has been caused extensive research and

microwave sintering' Among these
application. Because it can utilize the microwaves directly
interact with the individual particles in the green compacts and

realize the rapid volumetric heating!"*>"

. Compared with
conventional sintering, the microwave sintering possesses
many intrinsic advantages, such as reduced energy consum-
ption, rapid heating rate, reduced sintering time, enhanced
element diffusion process and improved physical and
mechanical properties of the sintered materials!'*>". 1t is well
known that the microstructure and mechanical properties of
the porous NiTi alloys mainly depend on the porosities, pore
sizes and pore shapes. These pore characteristics can be
adjusted through controlling the process parameters (sintering
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temperature and holding time, etc) and selecting raw powders
(particle size and adding space-holder, etc). Most of the
studies were focused on the effect of process parameters or
adding space-holders on the pore characteristics and properties
of the porous NiTi alloys"*"'”. To the best of our knowledge,
there are few reports referred to the effect of the particle size
of the raw element powders on the microstructure and
mechanical properties of porous NiTi alloys. Moreover, in fact
the pores formed from the original particle gaps (dependent on
the particle size of the raw element powders) are difficult to
alter during the sintering process, which can greatly influence
the ultimate pore characteristics and mechanical properties of
sintered porous materials”". Therefore, the present work aims
to prepare the porous NiTi alloys using microwave sintering
of element Ni and Ti powders, and evaluate the effect of
particle sizes of Ni/Ti powders on the microstructure (porosity,
pore size, pore shape and phase composition) and mechanical
properties (hardness, compressive strength and bending
strength) of porous NiTi alloys.

1 Experiment

Commercially available carbonyl nickel powders (purity
>99.7%), electrolytic nickel powders (purity >99.7%) and
dehydrided Ti powders (purity >99.9%) were used as the raw
materials to prepared porous NiTi alloy. The average particle
size of carbonyl nickel powders was about 2 um. The average
particle sizes of electrolytic nickel powders were 45 and 100
um, respectively. The average particle sizes of the dehydrided
Ti powders are 10, 45 and 100 um, respectively. The SEM
morphologies of the elemental powders are shown in Fig.1.
The carbonyl nickel powder exhibits a near-spherical shape
with some agglomerations. The electrolytic nickel powder has
irregular shape with smooth surface, while the titanium

powder is also irregular with sharp corners. Four kinds of
Ti-50.8at%Ni blended powders were designed to investigate
the effect of the particle size on the microstructure and
mechanical properties of the porous NiTi alloys. The particle
sizes of the blended powders are shown in Table 1. The
Ti-50.8at%Ni 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 (6 mmx6 mm x50 mm for bending tests
and @20 mmx15 mm for other tests) through a uniaxial
pressure of 260 MPa for 30 s. The green compact samples
were sintered in a 2.45 GHz 5 kW continuously adjustable
microwave equipment (NJZ4-3, Nanjing Juequan co., Ltd.)
with the 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
measure the temperature of the sintered samples.

The pore structure of the porous NiTi alloys was investi-
gated by an optical microscope (OM, DM1500, Shenzhen
HIPOWER, China). The average pore sizes of the porous
samples were analyzed by software of Nano Measurer 1.2.
The general porosity (P) of the porous samples was tested by
Archimedes drainage method according to ASTM B962-08"".
The phase composition was identified by X-ray diffraction
(XRD, Bruker D8 FOCUS, Germany). The surface morpholo-
gies of the green compacts and sintered samples were
investigated by a field emission scanning electron microscopy
(SEM, FEI Quanta 200, America). The Rockwell hardness of
the porous NiTi alloys was measured by HRB-150A Hardness
tester with a load of 980 N for 3 s. Compression test was
carried out at ambient temperature of 25 °C with a constant
rate of 0.05 mm/min on Instron WDW-50 testing machine.

Fig.1 SEM morphologies of the elemental powders: (a) carbonyl nickel, (b) electrolytic nickel (~45 pm), and (c) dehydrided Ti (~45 um)

Table 1 Particle size of the blended powders (um)

Sample No. Ni powder Ti powder
1 2 10
2 2 100
3 45 45
4 100 45

The compressive samples were machined into cylindrical solid
with a dimension of @ 5 mmx10 mm (L/D=2.0, ASTM
E9-09). The bending test of the rectangular porous NiTi alloys
(5 mmx5 mmx45 mm) was also carried out at ambient
temperature of 25 °C with a constant rate of 0.05 mm/min on
Instron WDW-50 testing machine. The bending strength (oy)
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was calculated by the following formula:
3FL
O; = W (1)
where F is the maximum loading during testing procedure, L
is the span between two supports, and b and % represent the
breadth and height of the samples, respectively. In this test, the
span L was 30 mm.

2 Results and Discussion

2.1 Microstructure of the porous NiTi alloys

The OM surface morphologies of the porous NiTi alloys
prepared by different particle sizes are shown in Fig.2. It can
be seen that the pore sizes distributed over the surface of

porous NiTi alloys increase with increasing the particle sizes,
and the number of the pores increases first, and then decreases.
The pores of the sample 1 exhibit isolated and suborbicular
shape with the average pore size of 30.02 £11.67 um. The
average pore size of sample 2 increases to 57.01 £24.78 um,
while the pores are also isolated with irregular shape. Further
increasing the particle sizes, the average pore size of sample 3
increases to 93.25 £36.77 um, and the connectivity among the
pores greatly enhances. Especially, when the Ni particle size
increases to 100 um, the average pore size of the sample 4
rapidly increases to 173.98 £77.07 um, while the number of
the pores sharply decreases compared to other samples.

The porosity values of the porous NiTi alloys prepared by
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Fig.2 OM surface morphologies of the porous NiTi alloys prepared by different particle sizes: (a) sample 1, (b) sample 2, (c) sample 3,

and (d) sample 4

the different particle sizes are shown in Fig.3. The porosities
of the porous NiTi alloys increase linearly with increasing the
particle sizes when the Ni particle sizes are lower than 45 pm.
The porosity of sample 1 is only 22.07%, while it increases to
35.67% for the sample 3. However, as the Ni particle size
increases to 100 um, the porosity of sample 4 is 36.14%, little
higher than that of sample 3. Moreover, the standard deviation
of the sample 4 is much higher than other samples due to the
non-uniform pore distribution.

Fig.4 shows the SEM surface morphologies of the green
compacts and sintered samples. It can be seen from Fig. 4a
that the large Ti particles are encircled by the fine Ni particles
with many fine gaps among the particles. With increasing the
particle sizes, the compact of sample 3 presents the Ni
particles and the Ti particles uniformly mixed together with
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Fig.3 Porosities of the porous NiTi alloys prepared by the different
particle sizes
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Fig.4 SEM surface morphologies of the green compact (a, b) and sintered samples (c, d): (a, ¢) sample 1 and (b, d) sample 3

many large irregular gaps among the particles. The gaps of the
green compacts would be directly inherited to the final
sintered samples, resulting in many fine quasi-circular pores
distributed over the sintered sample 1 (seen in Fig. 4c¢) and
many large irregular pores distributed over the sintered sample
3 (seen in Fig. 4d). Comparison the surface morphologies of
the green compacts and the sintered samples in Fig. 4, it can
be concluded that the sources and evolution of the pore
structure of the sintered porous NiTi alloys with different
particle sizes should be mainly resulted from the initial pores
of the green compact, namely the gaps among the particles.
This result is well consistent with the Ref.[21], which
prepared the 316L stainless steel using the different particle
sizes. Moreover, the volatilization of impurities in the green
compacts, the Kirkendall effect™?! and the volume shrinkage
during the alloying and densifying process also play roles in
forming the pores.
2.2 Phase composition of the porous NiTi alloys

The XRD patterns of the porous NiTi samples prepared by
the different particle sizes are shown in Fig.5. The desired B2
NiTi phase is the predominant phase in the microwave
sintered porous NiTi alloys and the diffraction intensity of B2
NiTi phase decreases with increasing the particle sizes.
Moreover, the diffraction peaks of Ni;Ti, Ti,Ni and Ni phases
are obviously detected from the sample 3 and sample 4. When
the particle size of Ni is 2 pum, the diffraction peaks of B2
NiTi phase obviously appear at the angles of 42.3°, 61.5° and
77.5°, respectively. When the Ni particle size is higher than 2
um, the diffraction peaks of Ni;Ti phase are also detected at
the angles of 46.6° and 43.4°, respectively as well as the

Intensity/a.u.

20/(°)

Fig.5 XRD patterns of the porous NiTi samples prepared by the

different particle sizes

diffraction peak of Ti,Ni phase at the angle of 41.4°. In
addition, the diffraction peak of Ni is detected at the angle of
45.2° as the particle size of Ni reaches 100 um.

During the microwave sintering process, the NiTi, Ti,Ni
and Ni;Ti phases are stable compounds according to the phase

diagram of the binary Ni-Ti system™**.,
[23,24],

The reaction
equations of the Ti and Ni are as follows

Ti+Ni—NiTi+67 kJ/mol )
2Ti+Ni—Ti,Ni+83 kJ/mol 3)
Ti+3Ni—Ni3Ti+140 kJ/mol o)

The formation of Ti,Ni and Ni;Ti phases is more
thermodynamically favored according to the enthalpy of
formation. While the NiTi phase can be formed as the
diffusion of the Ni and Ti atoms is sufficient and the alloying
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is realized completely'™’.

It is also well known that the sintering process consists of
alloying stage and densification stage, both of which strongly
depends on the diffusion of atoms between the powder
particles. The free diffusion coefficient of Ti and Ni atoms
obeys to the Arrhenius equation®":

2

D=D,e " ®)
where D is the diffusion coefficient, D, is the diffusion
constant, Q is the activation energy of diffusion, R is the gas
constant and 7 is absolute temperature. The temperature is the
dominant factor in affecting the diffusion, and the higher the
temperature is, the higher the diffusion coefficient obtains.

In conventional sintering, the heat transfer takes place
through radiation or conduction, and the thermal energy is
transferred from the sample surface to the core by conduction.
However, in the microwave sintering, the whole of sample
absorbs microwaves and is heated up by volumetric heating,
in which the electromagnetic energy of the microwaves is
converted to the thermal energy rather than heat transfer!'”.
However, unlike ceramic materials, the microwave interaction
with metals is restricted to its surface only. This depth of
penetration in metals, also known as skin depth (6), is defined
as the distance into the material at which the incident power
drops to 1/e (36.8%) of the surface value®®. The skin depth is
mathematically expressed as follows>**%*7):

1
0= =0.029,/p4, (6)
\ o
where f is the microwave frequency (2.45 GHz), y is the
magnetic permeability, o is the electrical conductivity, 4, is the

microwave wavelength (12.24 cm) and p is the electrical
resistivity of the metals. From Eq.(5), it is evident that most
metals generally have a skin depth in the order of micrometre,
which is reason for heating the metals directly using the
powders with a particle size of micrometre order. Moreover,
the heating efficiency and uniformity of the green compacts
can enhance with deceasing the particle sizes. The skin depth
of Ni particle at 500~1000 °C is 6~7 um'*”’, higher than that of
the carbonyl nickel powder (~2 um) used in this paper, which
can lead to its rapid heating and reach a higher diffusion
coefficient, in favor of the complete alloying and formation of
the NiTi phase. Especially, the diffusion of the atoms between
the particles can be greatly accelerated under the microwave
field, and the Ni/Ti alloying stage is also further promoted"***.
Moreover, the ions diffusion path increases due to the large gaps
distributed over the sample 3 and sample 4, which is adverse to
alloying and densification of the green compacts. Therefore,
there are the reasons for that both of the sample 1 and sample 2
can obtain the relative pure NiTi phase, while the sample 3 and
sample 4 contain the undesired Ti,Ni and Ni;Ti phases.
2.3 Mechanical properties of the porous NiTi alloys

Fig.6 shows the Rockwell hardness of the porous NiTi
alloys prepared by the different particle sizes. The Rockwell
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Fig.6 Rockwell hardness of the porous NiTi alloys prepared by the

different particle sizes

hardness of the porous NiTi alloys decreases with increasing
the particle sizes. The hardness of the sample 1 can reach
83.24 +1.48 HRB, while it decreases by 24% for the sample 2
(62.88 £1.56 HRB). Further increasing the particle sizes, the
hardness of the porous NiTi alloys decreases to 38.98 £1.09
HRB for sample 4, only 47% compared to the sample 1.

The typical compressive stress-strain curves of the porous
NiTi alloys prepared by different particle sizes are shown in
Fig.7, and the compressive strength and elastic modulus of the
porous NiTi alloys extracted from the stress-strain curves are
shown in Fig.8. The stress-strain curves of the different
samples have the same variation tendencies, which can be
divided into three regions, elastic deformation region, plastic
yield deformation region and densification and rupture region,
consistent with Ref.[29,30]. Moreover, it is clearly seen from
Fig.7 that the compressive strength and the compressive
ductility of the sample 1 and sample 2 are much higher than
those of sample 3 and sample 4. As shown in Fig.8, the com-
pressive strength of the porous NiTi alloys gradually decreases
with increasing the particle sizes, while the elastic modulus has
a small change from 3.8+0.5 GPa to 8.1+0.9 GPa. Especially,
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Fig.7 Typical compressive stress-strain curves of the porous NiTi

alloys prepared by the different particle sizes
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Fig.8 Compressive strength and elastic modulus of the porous NiTi

alloys prepared by the different particle sizes

the compressive strength of the sample 1 can reach
882.74+45.3 MPa, nearly 4 times higher than that of sample 4.

The bending strength of the porous NiTi alloys prepared by
the different particle sizes is shown in Fig.9. The bending
strength of the porous NiTi alloys almost linearly decreases
from 371.4+40 MPa for sample 1 to 139.3+31 MPa for sample
4 with increasing the particle sizes.

It is well known that the mechanical properties of the
materials are greatly dependent on the microstructure of the
materials. The particle sizes of the Ni powders and Ti powders
have great effects on the porosities, pore sizes, pore shapes
and phase compositions of the porous NiTi alloys, which lead
to inevitably influence the mechanical properties of the porous
NiTi alloys. With increasing the particle sizes, both of the
porosities and pore sizes of the porous NiTi alloys increase,
which results in the decrease of the support force of pore walls
and inevitably deteriorates the mechanical properties (such as
hardness, compressive strength and bending strength, etc.) of
the samples. This result is consistent with the most of Ref.
[21,29,30]. Moreover, the pores distributed over the sample 3
and sample 4 exhibit irregular with some sharp corners, which
is easy to the formation of stress concentration and the further
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Fig.9 Bending strength of the porous NiTi alloys prepared by the

different particle sizes

131 The undesired

deterioration of mechanical properties’
second phases of Ni;Ti and Ti,Ni contained in the sample 3
and sample 4 are also adverse to the mechanical properties,
shape memory effect and superelasticity of NiTi alloys™>*.
There are main reasons for the decrease of the mechanical
properties of porous NiTi alloys with increasing the particle
sizes, especially for the dramatically reduce of sample 3 and
sample 4.

According to the Ref.[6,32], the ideal load-bearing bone
implant materials should have the porosity in the range of
30%~50% with the optimal pore size of 100~400 um, and the
compressive strength should be higher than 230 MPa, which is
the compressive strength of the human cortical bone™”. On
the other hand, the porous NiTi alloy only possessing some
specific pore structure can obtain high strength and high
damping™”®. Therefore, considering the microstructure and
mechanical properties of porous NiTi alloys, it can be
concluded that it is unreasonable to increase the porosity of
porous NiTi alloys through increasing particle sizes. Moreover,
it is advisable to prepare the porous NiTi alloy using the fine
Ni/Ti powders with the pore-forming agents to adjust the pore
structure and porosity.

3 Conclusion

1) The porous NiTi alloys can be prepared by microwave
sintering from Ni/Ti powder with different particle sizes. The
pore structure of the porous NiTi alloys greatly depends on the
particle sizes of Ni/Ti powders. With increasing the particle
sizes, the porosities and pore sizes of the porous NiTi alloys
gradually increase.

2) The porous NiTi alloy are mainly composed of the
desired B2 NiTi phase with a few undesired Ti,Ni and Ni;Ti
second phases, and the diffraction intensity of the second
phases increases with increasing the particle sizes.

3) All of the Rockwell hardness, compressive strength and
bending strength of the porous NiTi alloys decrease with
increasing the particle sizes.
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