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ABSTRACT
		 NiTi alloys are often used in biomedical applications. The alloys are required to be tailored
for suitable operating temperatures. The phase transformation temperatures (PTT) were optimised
for shape memory or super-elasticity properties. Micro metal injection moulding (micro-MIM) is a
process that can fabricate millimetre-size metal parts with very complex shapes. It is adapted from
MIM with significantly smaller injection volume for improved control of dimensions. NiTi alloys with
varied Ni contents (45-55 at.%) were fabricated by micro-MIM and sintered at 1150 °C for 2 hours
-4
under high vacuum (< 10 Pa). X-ray diffraction (XRD), scanning electron microscopy (SEM) with
energy dispersive x-ray spectroscopy (EDS) and differential scanning calorimeter (DSC) measurements
were performed in order to characterise the sintered samples. The results indicated that as Ni contents
increased, PTTs were decreased for all transformation temperatures (As, Ap, Af, Ms, Mp and Mf).
Moreover, at room temperature (25°C), in the 50Ni-50Ti and 55Ni-45Ti samples, the austenitic B2
NiTi is present, whereas the 45Ni-55Ti sample contains martensitic B19′ NiTi.
Keywords: micro-MIM, nickel-titanium, elemental powder, phase transformation temperature
1. INTRODUCTION

NiTi alloys are widely used for implant,
biomedical and engineering applications [1].
There are two kinds of crystal structures of NiTi,
namely B2 (austenite) and B19′ (martensite) [2].
There are two special characteristics associated
with NiTi: shape memory effect (SME) and superelasticity. The austenitic B2 -NiTi can be deformed
super-elastically, while the martensitic B19′ NiTi
exhibits SME properties [3-5]. The phases and

microstructure of NiTi must be carefully optimised
to obtain the desired properties at the required
temperature. The temperature at which the phase
change occurs is termed the phase transformation
temperature (PTT). PTTs can be determined by
differential scanning calorimeter (DSC) and may be
controlled by various methods for example, heat
treatment, cold working and nickel content [2].
NiTi alloys can be fabricated by various
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techniques [6-8,14] notably via a powder metallurgy
route such as MIM which is well suited for
producing near-net-shape metallic parts. Metal
injection moulding (MIM) can not only be used
to produce near-net-shape, but also very complex
metal parts. When metallic parts need to be made in
very small sizes (millimetre-size) then conventional
injection moulding is not suitable, and in these
cases a special purpose machine known as microinjection moulding machine operating with a small
injection volume is used. A precision metering
injection unit with small diameter (3-5 mm), set up
with precise injection parameters, is essential for
production of millimetre-size parts (milligrams of
weight). The quality of green parts (injected parts
before debinding and sintering) is determined by
the injection parameters, for example, injection
shot, temperature, pressure and speed. Typically,
for any MIM green parts, the relative density must
be higher than 97 % to minimise the effect of gas
entrapment during injection [9]. Previous studies
using micro-MIM to fabricate parts were focussed
on stainless steel materials, for example, 316L
stainless steel and 17-4PH stainless steel [10-12].
There is no prior reported study on fabrication
of NiTi using the micro-MIM process.
There were some previous studies using
conventional MIM to produce NiTi components
using pre-alloyed powders [13] and elemental
powders [3,15]. For conventional MIM using
pre-alloyed powders, the relative density that can
be achieved is 98% (6.32 g/cm3) for 50.9 at.%
Ni [13]. However, for conventional MIM using
elemental powders, the typical density that can be
achieved for 50 at.% Ni is only 3.72-3.8 g/cm3
[15]. Even though, the density of NiTi using
elemental powders for MIM is much lower than
when using pre-alloyed powders, it is still of interest
to produce MIM parts using elemental powders
especially for porous NiTi applications. When
using elemental powders it is easier to adjust the
composition of NiTi and the elemental powders
incur significantly lower raw material cost than
the pre-alloyed powders.
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Consequently, the present work involves a
systematic study of the effects of Ni content
on the PPT behaviour of NiTi fabricated by a
micro-MIM process based on use of elemental
powders. X-ray diffraction (XRD), differential
scanning calorimetry (DSC), and scanning
electron microscopy (SEM) with energy dispersive
spectroscopy (EDS) were used to characterise
the NiTi sintered samples and determine PTTs.
MATERIALS AND METHODS
The raw materials used are 99.7 wt. % pure
titanium and 99.9 wt. % pure nickel powders, having
density of 4.51 and 8.96 g/cm3 respectively. Powder
size distribution for both powders were measured
using the laser diffractometric technique. The
mean powder size (D50) for pure titanium powder
is 28.28 μm and for pure nickel is 9.92 μm. Both
powders had been fabricated by gas atomisation
to minimise contamination. Hence, the powder
morphology is expected to be spherical and fully
dense as shown in Figure 1. The powder sizes
observed in SEM corresponded to the powder
size distribution. To study the effect of Ni content,
the compositions of Ni:Ti are 50:50 (50Ni-50Ti),
45:55 (45Ni-55Ti), 55:45 (55Ni-45Ti) at.%. Both
powders were blended in a rotary machine for 2 h
at room temperature without media.
The blended powders were mixed with
polyacetal-based binder using 65 vol. % of solid
loading by a kneader machine at 165 °C for
1 h. A special purposed micro-MIM machine
(Wittman-Battenfeld-micro system 50) was used
to inject the samples at 175 °C. The mould insert
for micro-tensile samples is shown in Figure 2(a)
and the shape of injection parts are shown in
Figure 2(b). Injected parts were debinded at 400 °C
for 0.5 h in argon atmosphere and sintered at
1150 °C for 2 h in vacuum (< 10-4 Pa).
SEM with EDS was used for microstructural
observation and chemical analysis and XRD was
used for phase identification at 50 kV, 300 mA,
scanning rate of 5° per min and the range of
20° to 80°. PTTs were determined by differential
2.

The mould insert for micro-tensile samples is calorimetry (DSC) with the heating and
The mould insert for micro-tensile samples is calorimetry
(DSC) with the heating and
shown in Figure 2(a) and the shape of cooling rates set at 10 °C/min in flowed
cooling rates set at 10 °C/min in flowed
injection parts are shown in Figure 2(b). nitrogen and the measured temperature range
injection parts are shown in Figure 2(b). nitrogen and the measured temperature range
Injected parts were debinded at 400 °C for
was -60 to 180 °C.
Injected parts were debinded at 400 °C for
was -60 to 180 °C.
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Figure 1. SEM micrographs of Ti (a) and Ni powders used (b).
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(a)micro mould insert and (b) green sample
(b)dimension [10]

Figure 2. (a) Schematic of micro mould insert and (b) green sample dimension [10]

Figure 2. Schematic of micro mould insert (a) and green sample dimension (b) [10].
scanning calorimetry (DSC) with the heating and
cooling rates set at 10 °C/min in flowed nitrogen
and the measured temperature range was -60 to
120 °C.
3. RESULTS AND DISCUSSION

3.1 Microstructures and Phase Identification
Figure 3 shows the SEM micrographs of
sintered samples with varied Ni content. The
micrographs of the 50Ni-50Ti sample, Figure 3(b),
and 45Ni-55Ti sample, Figure 3(a), show that
the matrix is the NiTi phase and the dark grey
particles are the intermetallic Ti2Ni. The 55Ni45Ti sample, Figure 3(c), has a NiTi matrix and
Ni4Ti3 intermetallic, which has flake and block
shapes. In addition, TiC impurity is also evident
in the micrograph. The compositions of observed
phases using EDS are shown in Table 1. Carbon
and oxygen contamination in sintered NiTi cannot

be completely avoided but can be minimised by
sintering in high vacuum. Figure 4 shows the
XRD patterns of all samples. The carbide and
oxide levels are below the detection limit of
XRD. There are no observed peaks for pure Ni
and pure Ti, suggesting that the diffusion process
during sintering was completed. The 50Ni-50Ti
sample has the NiTi phase with austenite B2
crystal structure as the dominant phase, while
the 45Ni-55Ti sample has the NiTi phase with a
martensite B19´crystal structure as the dominant
phase. Both samples show the XRD peaks of
Ti2Ni (Ti4Ni2Ox) [15,18]. The XRD pattern of
the 55Ni-45Ti sample shows the NiTi phase with
austenite B2 crystal structure as the dominant
phase. Ni3Ti was observed as a minor phase in
XRD patterns but Ni3Ti could not be identified
in SEM micrographs. NiTi, Ti2Ni and Ni3Ti are
expected to be present because they are stable
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Figure 3. SEM with secondary electron (SE) micrographs of sintered NiTi samples with varied Ni

Table 1. Chemical compositions and predicted phased measured by EDS.
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(b) 50Ni-50Ti
and (c) 55Ni-45Ti
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phases according to the Ni-Ti phase diagram.
Moreover, the Ti2Ni reaction in Eq. (1) and Ni3Ti
reaction in Eq. (2) are both more thermodynamically
favoured than the NiTi reaction in Eq. (3) [16].
All of reactions are exothermic [16], therefore
Ti2Ni and Ni3Ti are difficult to be completely
eliminated. Ni4Ti3, a metastable phase is present
in 55Ni-45Ti sample because of the cooling rate.
Ni + Ti → Ti2Ni + 83 kJ/mol

(1)

Ni + Ti → Ni3Ti + 140 kJ/mol

(2)

Ni + Ti → NiTi + 67 kJ/mol

(3)

3.2 Phase Transformation Temperatures (PTTs)
The PTTs determined from DSC results are
austenite start temperature
(As),phase
austenite
peak
room temperature,
the austenite
of the
temperature (Ap), austenite finish temperature (Af),
martensite
temperature
(Ms), martensite
peak
50Ni-50Ti
and start
55Ni-45Ti
samples
has supertemperature (Mp) and martensite finish temperature
an example
a DSC curve
f). Figure 5 shows
elastic(Mproperties.
Whereas,
theofmartensite
for the 45Ni-55Ti sample and the identification
of phase transformation temperatures during the

phase of the 45Ni-55Ti sample exhibits SME.

heating and cooling cycles. PTT determinations
for the other Ni content samples are similar. DSC
curves for other Ni contents have similar shape
but PTTs occur at lower temperatures, i.e. the
DSC curves are shifted to the left of the graph.
Hence, the other DSC curves are not shown here
but the PTTs are given in Figure 6. Figure 6(a)
shows the comparison of austenite PTTs (As,
Ap and Af) during the heating cycle. As the Ni
content increases from 45 at.% to 50 at.%, the
austenite PTTs severely decreases. However, as
the Ni content increases from 50 at.% to 55 at.%,
the As and Af temperatures slightly decreases,
while the Ap slightly increases. Figure 6(b) shows
the comparison of martensite PTTs during the
cooling cycle. The martensite PPTs have similar
behaviour as the austenite PPTs. The martensite
PTTs severely decreases as the Ni content increases
from 45 at.% to 50 at.%. However, as the Ni
content increases from 50 at.% to 55 at.%, the
martensite PPTs are relatively constant for the Ms
temperature, slightly increase for the Mp temperature
and slightly decrease for the Mf temperature. From
Figure 6(b), it can be seen that the Ms temperature

Figure 5. Representative DSC curve for 45Ni-55Ti sintered sample.

Figure 5. Representative DSC curve for 45Ni-55Ti sintered sample
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Figure 6. Comparison of PTTs with varied Ni contents (a) austenite transformation
Figure 6. Comparison of PTTs with varied Ni contents austenite transformation temperatures (a)
and
martensite and
transformation
temperature
(b). temperature
temperatures
(b) martensite
transformation

of the 50Ni-50Ti and 55Ni-45Ti samples are 0.41
°C and -1.45 °C respectively. This indicates that
the samples were fully austenite (NiTi-B2) at room
temperature, whereas the 45Ni-55Ti sample was
fully martensite (NiTi-B19´) at room temperature
because the Ms temperature is at 76.25 °C and
the Mf temperature is at 60.05 °C. This is also in
accordant with the XRD patterns, which were
obtained at room temperature.
It can be seen that, as the Ni content
increases from 50 to 55 at. %, it has negligible
effect on transformation temperatures. At room
temperature, the austenite phase of the 50Ni50Ti and 55Ni-45Ti samples has super-elastic
properties. Whereas, the martensite phase of the
45Ni-55Ti sample exhibits SME.
The dominant phases of NiTi sintered
samples determine the properties of sintered parts.
Super-elastic properties are widely required for
biomedical applications for example, orthodontic
arch wire, bone fixations and stents [20]. Austenite
(B2) is the parent phase, which can show superelastic properties in NiTi components. Since B2
phase was found on 55Ni-45Ti and 50Ni-50Ti at
room temperature, it is likely that both samples
will demonstrate a super-elastic property at room

temperature.
Shape memory effects are used in the
orthodontic, orthopedic and vascular fields [21],
for example, as fixing components such as staples
[22], vertebrae spacers and venous filters (Simon
filter) [23]. Since martensite (B19´) was observed
at room temperature in the 50Ni-50Ti sintered
samples, it is expected that the samples will exhibit
SME property. Both super-elastic and SME
properties in sintered samples will be investigated
and reported in the near future. Some parts of
medical devices have complicated shapes, which
could be produced in suitable NiTi formulations
via the micro-MIM route.
4. CONCLUSIONS

Millimeter-size and complicated parts of
NiTi alloys can be fabricated by micro-MIM and
sintering. Samples with varied Ni contents were
prepared. At room temperature, the 50Ni-50Ti
and 55Ni-45Ti samples contain the austenite-B2
NiTi phase, while the 45Ni-55Ti sample has the
martensite-B19′ NiTi. phase. Intermetallic Ti2Ni
(Ti4Ni2Ox) phase was present in the 45Ni-55Ti
and 50Ni-50Ti samples, while Ni4Ti3, Ni3Ti and
TiC were observed in the 55Ni-45Ti sample.
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The Ni content can significantly affect phase
transformation temperatures of sintered NiTi
alloys when the Ni content vary between 45 and
50 at.%. The PTTs is found to decrease as the Ni
content increases. Increase in Ni content from 50
to 55 at.%. has less effect on the PTTs.
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