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Graphical abstract Abstract

This paper highlights the influence of Ni-Ti ratio on the phase constituents, the reversible
) I austenite-martensite fransformation and mechanical properties produced by metal
=== injection molding (MIM). The binder system used was mainly palm stearin with minor
ﬁ % fraction of polyethylene. Injection moulding was done successfully at 130°C to form
] dsnned marendis fensile shape samples. It was followed by solvent exiraction, thermal debinding af
500°C and subsequently sintered in high vacuum at 1100°C. The result showed that as
e the Ni content increased, the fraction of austenite phase also increased owing fo
heaing greater fraction of fransient liquid phase formation during the sintering, thus improved
the mechanical tensile properties. However, the reversible austenite to martensite
phase fransformation temperatures (PTTs) seemed to be broadened with increased Ni

content due to formation of metastable R-phase.
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unloading after large deformation, principally similar to
mechanism of stretching a rubber band [4].

Nickel titanium (NiTi) or also known as Nitinol is an inter- It is well known that there are basically two
metallic compound of nickel and titanium [1], generally crystallographic  phases in NiTi  which may be

1.0 INTRODUCTION

presents in nearly-equiatomic (50 at%Ni — 50 at%Ti) [2].
The alloy is known to exhibit two unique properties,
namely shape memory effect (SME) and
pseudoelasticity (PE) [3]. SME is the ability of the
material to be deformed at low temperature and then
revert to ifs original shape upon heating above a crifical
temperature (austenite finish temperature, Af). PEis the
ability of the material to return to its original shape upon

experienced through phase change, namely austenite
and martensite [5], depending on the temperature and
deformation mechanism experienced. The austenite is
generally referred to as the parent (B2) phase, as shown
schematically in Fig. 1(a), and is known as a phase
which is very stable and strong at high temperature and
which has a single variant with body-centred cubic
(BCC) crystal structure [6]. On the other hand,
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martensite, orthe B19' phase, which is relatively soft and
stable at low temperature, can be easily deformed
either by temperature (the so-called ftwinned
martensite) [Fig. 1 (b)] or stress (de-twinned martensite)
[Fig. 2 (c]].

cooling deformation

4

(b) twinned martensite

<=

heating

(a) austenite (c) De-twinned martensite

Figure 1 Three possible crystallographic orientations in NiTi.

Owing to the extraordinary properties of SME and PE,
a number of investigations and reviews related fo
biomedical applications have been presented [6-7]
Among them are orthodontic wires, orthopaedic
implants for osteosynthesis, guide wires, stents for
various applications, components in minimal invasive
surgical devices and bone substitution materials [5-7].

In order for the NiTi to exhibit excellent SME and PE to
suit certain applications, some of the important aspects
has to be taken into consideration. One of the critical
issues is fo attain microstructural homogeneity of Ni and
Ti composition, particularly for processing route starting
with elemental Ni and Ti powders. This is due to the fact
that other secondary phases, namely NisTi and NiTi2 are
always co-exist with NiTi during processing. These
secondary phases are known as brittle in nature and do
not exhibit both properties SME and PE , thus limiting the
capability of the alloy [6]. The second aspect is the
capability of alloy to demonstrate reversible phase
transformation from the austenitic (B2) to martensitic
phase (B19'), which is generally characterized by a
differentfial scanning calorimetry (DSC). From the
biomedical implant point of view, it is important for the
processed NiTi to exhibit the austenite phase finish (Af)
at human body temperature (37°C) to ensure the
implant can behave pseudoelastically, mimicking the
properties of natural bone. This is due to the fact that
greater sensitivity of the alloy fo a minor variation of Ni
and Ti composition. Many works have reported that
when Ni content is greater than 50 at.%, an increase of
0.1 at.% Ni could result in a 10°C decrease in martensite
phase start temperature, Ms [8,9]. Therefore, variations
in the composition of Ni or Ti would alter the
fransformations temperature [8]. Besides that, PTTs are
also influenced by the existing phases in the as-sintered

sample. The fraction of secondary phases such as NiTi2
and NisTi and the impurity levels, particularly oxygen
and carbon significantly broaden the reversible PTTs.

In the present work, NiTi alloys with different Ni-Ti ratio
have been produced by an advanced powder
metallurgy (PM) process, namely metal injection
moulding (MIM) starting with elemental powders of Ni
and Ti. The composite binder system of palm stearin (PS)
and polyethylene (PE) was used to facilitate mixing and
moulding. This study emphasized on the level of
microstructural homogeneity by XRD followed by back-
scattered scanning electron microscopy (SEM) analysis.
The influence of NiTi ratio on reversible phase
fransformation temperatures (PTTs) was further anlaysed
by DSC. The mechanical properties by tensile test was
also conducted to investigate the effect of Ni ratio in
the alloy.

2.0 EXPERIMENTAL
2.1 Raw Materials and Feedstock Preparation

The elemental powders used in the present work were
Ni and Ti with an average particle size of 8 and 11 uym,
respectively. Both powder are spherical in shape as
shown in Fig. 2 that is known can facilitate the feedstock
flow during injection moulding process. Three atomic
ratios (at%) of Ni to Ti were investigated; 50-50, 50.4-49.6
and 50.8-49.2 and the powder loading was kept
constant 65.5vol% for all compositions. The elemental
powders were blended using a stainless steel ball mill
for 4 hours with a ball-to-powder ratio of 2:1 to ensure
uniform powder distribution. The mixing process was
carried out using Haoke Rheomix Internal Mixer at
temperature of 160°C and 50 rpm [10]. The feedstock
was then pelletized by keeping the blade rotating
during cool down of mixing chamber.

2.2 Rheological Test and Injection Moulding Process

The feedstock flow was analyzed using a capillary
rheometer, model RH2000 Bohlin at shear rate and
barrel temperature ranging from 20 — 10,000 s' and 110
— 150°C, respectively. A tungsten carbide die with an
orifice diameter and length of 1.0 mm and 16 mm,
respectively, resulting in an aspect ratio (L/d) of 16 was
used. The feedstock was subjected to a pre-test at a
constant speed of 100 mm/min and a pressure of 2
MPa, to squeeze the air out of the sample before the
shear viscosity at the first shear rate was measured. The
viscosity data of the extruded feedstock against the
increasing shear rate were recorded via the software.
Injection moulding was carried out using a manually
operated vertical injection moulding with a tensile
shape cavity according to ASTM 638 type V as shown in
Fig. 3 [11].
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60um

Figure 2 SEM of elemental powders ; (a) Ni and (b) Ti

2.3 Debinding and Sintering

The moulded samples were then immersed in a
heptane solution at 60 ‘C for 5 hours to remove the
primary binder of palm stearin. Thermal debinding and
sintfering processes were carried out using a vacuum
furnace. Prior sintering at maximum temperature of
1100°C, thermal debinding was done to eliminate the
backbone binder of polyethylene (PE) at 500°C. The
summary of NiTi alloy processing is shown schematically
in Fig. 3.

Stainless-steel ball

B Sl 9

Addina binder component

2.4 Characterization of Sintered Parts

Inter-metallic phase analysis of the as-sintered samples
were inifially characterized by a Rigaku X-Day
Diffraction (XRD) with a diffraction angle 26 within 30°
and 90° at a scan speed of 1°/min. The reversible
austenite  to  martensite  phase  tfransformation
temperatures (PTTs) was analysed by a Mattler Toledo
Differential ~ Scanning  Calorimetry  (DSC). The
mechanical tensile fest analysis was done at room
temperature using an Instron machine at the speed
rate of 0.5 mm/min. The fracture samples were
examined by secondary SEM for clarification.

A Poly-
A Blending of elemental Palm )
Nickel nickel%nd titanium stearin ethylene Efﬁgﬂ?,g
o powders using ball-mill
m2.7 I IF‘
ET B
ASTM 638 type V Moulded Solvent Thermal
Injection moulding ou Ie extraction debinding +
machine [11] samples sintering

Figure 3 Schematic diagram of the MIM processing stages involved in the present work.
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3.0 RESULTS AND DISCUSSION

3.1 Rheological Result & Moulding Analysis

Fig. 4 compares the rheological results; apparent
viscosity versus shear rate for all compositions at
different temperatures ranging from 110 and 150°C. It
clearly shows that all feedstock compositions exhibit a
similar pattern; viscosity decreasing with shear rate
which corresponds to pseudoplastic behavior; the
required flow properties in injection moulding process.
It clearly shows that increasing the Ni content in the
formulation resulted in slightly decrease in viscosity,
particularly at the lower shear rate which was
attributed from the finer powder size of Ni powder.
Increasing Ni content in the feedstock formulation
would result in greater powder surface contact area
to be coated with the binder and therefore, reducing
the friction of the feedstock. As the shear rate was
further increased, it was observed that the feedstocks
exhibit a similar pattern of shear thinning with a nearly
constant viscosity af the high shear rate (>2000 /s). The
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viscosity range obtained for all compositions in the
present work was considerably low in comparison with
the previous work conducted by Ismail [12], in which
the viscosity at the lowest shear rate observed was in
the range of 300 to 700 Pa.s, for the same powder
loading employed (65.5vol%). Ismail used Ni and Ti
powder size (Dso) of 15 ym and 32 um, respectively,
thus less surface area as compared to powder used in
the present work.

During the injection molding process, it was
observed that the green samples were successfully
moulded at the barrel temperature of 130°C. Figure 3
shows the image of the defect free moulded samples.
The fofal cycle ftime for each sample was
approximately 5 minutes owing to manually operated
process, taken into account the time to place the
mould underneath the nozzle, injection moulding (~1-
2 seconds), cooling stage, mould removal and
removal of green samples from the mould. It was
observed that the green samples produced had
adequate strength to be handled after they were
removed from the mould cavity.
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Figure 4 Rheological result of the Ni-Ti feedstock with different %at Ni.
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3.2 XRD and SEM Analysis of As-Sintered Samples

Fig. 5 shows the XRD patterns of the sintered samples
with different Ni-Ti ratfios: (a) 50.0at%Ni, (b) 50.4at%Ni
and (c) 50.8at%Ni. The result clearly shows that no
significant difference of the corresponding peaks for
Ni-rich  samples (50.4af.%Ni and 50.8at.%Ni) in
comparison with the 50.0at.%Ni. Generally, NiTi alloy
can be categorized into two different types, austenitic
(B2) or martensitic (B19'), depending on the thermo-
mechanical freatment process carried out. The
formation of NiTi phase, particularly B2 via complete
inter-diffusion between elemental Ni and Ti is
important during sintering as it will dictate the SME and
PE performance during actual service condition. For
instance in bone implant application, greater fraction
of B2 phase is essential as it promotes excellent PE
properties that mimicking the natural bone behaviour.
Besides that, the formation of other secondary phases,
particularly NiTio and NizTi has fo be minimized
significantly as these phases are known as not
exhibiting both SME and PE [9]. Furthermore, their
corrosion resistance is also considerably low in
comparison with the matrix of NiTi phase.

It was observed that the secondary phase of NiTiz
was present in all sintered samples. However, their
occurrence in the microstructure is believed to be very
minimal. For the lowest Ni content (50at%Ni), besides
NiTi2, the NisTi phase was also present, thus, expecting
lower mechanical strength of the corresponding alloy
composition due to brittle nature of the phase. For the
Ni-rich  compositions (50.4 and 50.8at%Ni), greater
fraction of NiTi (B2) phase was observed together with
some fraction of B19' phase, indicating probably
sufficient diffusion between elemental Ni and Ti
powders during sintering in the present work.
Furthermore, it was also expected that formation of
fransient liquid phase (TLP) during sintering that
promoted better acceleration of the diffusion kinefics
as discussed in previous work [12]. Owing to a greater
diffusion rate of Ni compared to Ti, it was believed that
the increase of the Ni content would result in better
phase homogenezatfion; minimal fraction of
secondary phases. The formation of secondary
phases was unavoidable, particularly for Ti-rich
composition  (50at%Ni), a similar observation as
demonstrated by Yen et al. [9]. Yen et al. [9] also
claimed that the fraction of secondary phases
reduced significantly as the Ni content increased.

Fig. 6 reveals the SEM micrograph of the as-polished
sinfered sample for 50.4at%Ni under back-scatted
mode (BS). The result clearly shows different gray-
scales, indicating different phases exist as a result of
different energy absorbed. Study by E.Schiller (2005)
[3] has stated that there are three different gray scales
that represent different phases based on EDX analysis.
The medium gray matrix phase corresponds well to
NiTi, the needle-like structure which dissapears when
heated represent the martensite phase and the dark
gray phase which contributed from Ti content
represent Ti-rich composition of NiTi2. Besides that,

study by Ismail (2012) [10] have stated that the
needle-like structure is probably due to the greater
fraction of the Ni4Tis phase.

FNTi (B2) @NITI (B19') & NiTiz #Ni=Ti 8 NisTia

(b) 50.8 %at Ni

Fo

%

(o) 50.4 %at Ni

Relative Intensity

(c 50.0 %at Ni

[

Q?he‘m

Figure 5 XRD result of the as-sintered sample at 1100°C

Figure 6 Back scattered SEM of the as-polished 50.4at%Ni
alloy

3.3 Phase Transformation Temperatures (PTTs)

Fig. 7 shows the reversible phase fransformation
temperatures (PTTs) of the as-sintered samples,
indicating in each case the approximate reversible
martensite (B19') fo austenite (B2) PTTs during (a)
heating and (b) cooling, respectively. It is apparent
that all samples exhibit a reversible transformation
during heating and cooling, despite without post heat
freatment, which manifest that the significant diffusion
between Ni and Ti powders during sintering that led to
the formation of transient liquid phase. However, it is
expected that some improvements could be
achieved with further post treatment such as full
annealing and aging processes [8-9].
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The figure shows a distinguished transformation peaks
between the three samples in which the sample with
lowest Ni confent (50.0at%Ni) shows a clear single
peak (P1) of the reversible austenite to martensite
phases fransformation. For the Ni-rich compositions
(50.4 and 50.8at%Ni), multiple peaks (P1, P2 & P3)
could be observed clearly, indicating two-step
fransformation, the ftransition between the B2->R-
phase>B19’. Su and Wu [13] has reported that the first
peak during heating corresponded fo two phase
fransformation  from the  martensitic phase
(B19'>R->B2) and the second peak corresponded to
direct transformation from B19" to B2.

In the present work, it obviously shows that the first
peaks (P1) for the 50.0at%Ni alloy is approximately
50°C during heating correspond to a complete
transformation from the martensite (B19’) to austenite
(B2) phase. When Ni content is increased, the
fransformation peak is found to be reduced and
widen owing to fransition of R-phase during B19'> B2
transformation. For the 50.4at%Ni the peaks P1, P2 and
P3 are approximately 10, 70 and 140°C, respectively,
during heating, while for the highest Ni contents
(50.8at%Ni) the peaks P1, P2 and P3 are approximately
10, 75 and 150°C, respectively during heating. The
austenite finish (Ar) for all samples is around 100°C and
above, which is 50°C greater than the previous
research conducted by Ismail [12]. This could be
aftributed from the binder system, whereas in the
previous work, the PEG/PMMA binder system was
employed. Moreover, the fluctuation of the PTT's
could also be either caused by small deviation of Ni
and Ti ratio of the tested samples or by the irregularity
of the pores structure produced after sintering. The
presence of the metastable R-phase is commonly
described in a PTT curve, whereas a multistage
fransformation commonly appears either during
heating or cooling and as a consequence, a direct
reversible fransformation from the austenitic phase to
martensitic phase would be more difficult. A higher
energy is needed to enable the austenite phase to
transform to martensite. However, due to less energy
consumed for NisTis precipitation, the R-phase
formation is much more favoured.

Fig. 7(b) shows the DSC curves of the NiTi alloys upon
cooling; a broader phase fransformation from B2 fo
B19' could be found with indication of R-phase
superposition.  The result shows that increasing Ni
contentresults inincreasing numbers of fransformation
peaks; 50.0at%Ni (P1'), 50.4at%Ni (P1' and P2') and
50.8at%Ni (P1', P2' and P3’'). The lowest Ni content
shows a single complete transformation from
martensite to austenite with P1' of ~25°C. For the
50.4at%Ni, the first peak (P1') corresponds to B2->R
occurs at ~ 0°C , followed by the second peak (P2’)
at ~25°C corresponds to R->B19'. The highest Ni
contents clearly show three peaks with P1’, P2' and
P3' of ~ 60, 0 and -25°C, respectively. It is well known
that for Ni-rich NiTi alloy, a small increase in the Ni
content of 0.1at.% will result in decreasing of the
martensite start of about 15K [14]. Besides that, it was
also reported that the formation of Tirich

precipitations such as TiIC and Ni2lisOx lead to
enrichment of Ni in NiTi matrix and consequently
responsible for broadening and lowering the PTT [15].
It clearly shows that the PTTs for all samples are within
the human body temperature, where mechanical
tfensile test were performed. Therefore, it is expected
that the samples are nearly fully austenitic phase
during compression and possibly transform fo
martensite as the stress is induced.
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Figure 7 Reversible martensite to austenite transformation
during (a) heating and (b) cooling

3.4 Mechanical Behaviour

One of the unique properties of NiTi alloy is low in
stiffness, which generally known as Young's modulus,
ranging from approximately 28 to 85 GPa, depending
on the phases exist; martensitic or austenitic [5]. For
many conventional implant metallic materials such as
stainless steel 31é6L-grade and Ti6Al4V alloy, the
Young's modulus are 210 GPa and 110 GPaq,
respectively, which are relatively higher than that of
the maximum sfiffness of natural bone (20 GPa). The
reasons for the current tfrend in the production of the
porous metallic biomaterials implants are (1) open
porosity enhances bone ingrowth and thus improve
fixation on the interface between bone and implant
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and (2) porosity decreases the mismatch in stiffness
between bone and implant, thus reducing the stress-
shielding effects, which shorten the lifetime of the
implant through bone resorption [12, 15].

Fig. 8 shows the result of tensile stress-strain curves for
the as-sinfered NiTi alloys with different Ni-Ti rafios
conducted at room temperature (~27°C). It clearly
shows that with increased Ni contentfs the level of
ductility is slightly improved, indicafing from the
maximum final strain before samples completely
fractured. The PE behavior is also expected to be
improved owing to a major fraction of the austenitic
phase as depicted in the XRD results. The Young's
modulus calculated from the stress-strain curves for all
samples were in the range of 2.5 — 4.0 GPa, which is
close to the cancellous type bone (1-2 GPa). Thus, the
samples produced could be a possible candidate for
bone implant application.

300

- 50.0at.%Ni/50.0at.%Tii
250 + e 50.4at.%Ni/49.6at.%Ti
' 50.8at.%Ni/49 2at.%Ti

200 +
150 +

100 +

Tensile stress, MPa

(€]
(@]
I

o+ M
0 5 10 15
Tensile Strain, %

Figure 8 Tensile test behaviour of the as-sintered NiTi alloys

It was noticed that the parts exhibited three
distinctive features during tensile:

(1) Linear elasticity: stress and strain are proportional
to each other through Hooke's law. A linear
relafionship was found between stress and the
corresponding strain for all conditions, at around 25-
100 MPa and 2%, respectively. The slope of this linear
region segment corresponds to the sfiffness, better
known as Young's modulus, E. Owing to a greater
fraction of austenitic phase for the Ni-rich alloys (50.4
and 50.8at%Ni), the samples exhibited slightly higher
stiffness.

(2) Yielding and plastic deformation. The samples
started fo yield at a stress of approximately 25 -100
MPa with an associated strain of = 2%, increased
slightly with increased Ni content. After yielding, the
parts exhibited nearly linear plastic deformation with a
long horizontal plateau in the stress-strain curve
indicating that the parts were strained hugely with a
small increment of stress. For NiTi alloy, this yielding
pointis generally termed as critical stress owing to the
transformation of martensitic phase, which is known to

exhibit a lower stiffness than the austenitic phase. The
greater the strain plateau region, the more martensitic
phase was induced. However, this condition was also
aftributed by the fraction of secondary phases such
as NiTiz and NisTi.  3) Plastic collapse. As soon as the
fensile stress aftained its maximum value, the parts no
longer withstood higher loads; the parts started to
fracture until completely separated in two pieces. The
failure could also be confributed from the porous
section in the samples.

Fig. ? shows the morphology of the fracture samples
of (a) 50.0at%Ni and (b) 50.8at%Ni after the tensile test.
A unigue structure was observed, as previously
investigated by Ismail [12], however, the pore
stfructure observed in the present work was much
smaller than that of the previous work. This could be
due the powder size and the binder system employed;
the powder used in the present work was almost half
the previous one [12]. The morphology of the fracture
sample with the lowest Ni content as shown in Fig 9(a)
exhibited larger pore channels in comparison with the
highest Ni confent (Fig. 2(b)) which contributed to
lower mechanical strength as discussed previously.
The image clearly shows that the pores are
connected to each other by pore channels. The pore
structure is irregular, with the pore size being similar to
or slightly larger than the particle size in the original mix
of elemental powders. The formation of a greater
fraction of inter-connected pores after sintering was
believed to have originated from the preceding steps
prior fo sintering, i.e. solvent extraction and thermal
debinding, which leave the samples with a greater
amount of porosity (a first approximation of the
amount of binder used). The pore channels were
further enlarged as the sintering progressed, leading
to the overall sample expansion, although some
samples distorted slightly.

The formation of the liquid phase was believed to
be responsible for producing smooth and clean pore
channel surfaces, interconnected between the pores.
There is no evidence of un-reacted powders in the
structure, indicating that the powders were possibly
reactively sintered to form NiTi alloy. Several thermal
events might have occurred, namely solid-state
diffusion, Kirkendall porosity and the fransient liquid
phase [16]. When observing the fracture surface of
pore struts walls, it is clear that most of the surfaces
contain  many dimples, which indicate ductile
behaviour. It is well known for porous NiTi alloys that,
parficularly Ni-rich alloys, due to excellent PE
behaviour, a ductile behaviour has always been
reported in literature [17-18]. Nevertheless, in many
cases of porous NiTi alloys, because of the existence
of the secondary phases in the pore struts walls, which
are known to be more brittle than the matrix, the
fracture surfaces mainly consist of a combination of
ductile and brittle fractures [19]. In the latter type of
fracture, cleavage fracture was observed.
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Figure 9 Fracture surface of the samples after tensile test
with different Ni content (a) 50.0at%Ni and (b) 50.8at%Ni.

4.0 CONCLUSION

NiTi alloys with different Ni — Ti ratios were successfully
produced from the elemental powder of Nickel and
Titanium by metal injection moulding. In addition,
some conclusions based on the present work can also
be drawn as follows:

The feedstock prepared exhibited pseudoplastic
behavior at all temperatures tested (110 -150°C); the
required flow properties in injection moulding process.
Results showed that increasing the Ni content in the
formulation resulted in slightly decrease in viscosity,
particularly at the lower shear rate which was
attributed from the finer powder size of Ni powder. The
tensile test samples were successfully injection
moulded at barrel temperature of 130°C without any
defects.

Fom the XRD results, greater fraction of B2 phase
(austenite) was observed for higher Ni contents
(50.4at.%Ni and 50.8at.%Ni) in comparison with the
50.0at.%Ni. The back-scaftered SEM result clearly

showed different gray-scales confrast, indicating
different phases exist as a result of different energy
absorbed.

The DSC results clearly showed a distinguished
fransformation peaks between the three samples in
which the sample with lowest Ni content (50.0a1%Ni)
shows a clear single peak (P1) of the reversible
austenite to martensite phases transformation. For the
Ni-rich compositions (50.4 and 50.8at%Ni), multiple
peaks (P1, P2 & P3) could be observed clearly,
indicatfing ftwo-step transformation, the fransition
between the B2>R-phase>19'. A similar behavior of
reverse fransformation was also observed during
cooling.

The samples exhibited a promising mechanical
tensile properties with the Young's modulus
calculated from the stress-strain curve in the range of
2.5 to 4.0 GPa which is close to cancellous type bone.
The porous sfructure shown in SEM images was highly
inter-connected, thus promoting better bone tissue
ingrowth when it is used as an implant. Increaseing Ni
contfents resulted in slightly increase in degree of
ductility which attributed from less fraction of porosity
in the samples.
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