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Abstract

Shape memory alloy of NiTi was synthesized by
mechanical alloying method using a vibratory ball mill.
The main variables such as milling time, sintering
temperature and time were investigated. The results
showed that NiTi peaks characterized by XRD was not
present after milling for 3 hours while amorphous phases
occurred at the grinding time of 6 and 10 hours.
However, It was found that the NiTi, NiTi; and Ni;Ti
phases were formed after sintering of the ground
products for 1 and 2 hours at the temperature of 800,
900 and 1000 °C. Ni;Ti phase tended to be formed when
the samples were ground for 10 hours and sintered for
I — 2 hours while NiTi; phdse was not formed at such
condition. TiNi was also able to form by means of SHS
process by pre-heating the blended samples at the
temperature above 500 °C. It was also found that TiC
phase was present as a contaminant. The non-
transformation phases such as NiTi, Ni;Ti and TiC have
an effect on the transformation temperature of Ni-Ti
alloys by thermal analysis. A and Aytemperatures of the
single-stage transformation alloy were 48.6 and 66 "C
respectively, while those of the two-stage transformation
alloy were 54.9and 74 °C respectively.

Key Words: Shape Memory Alloy / NiTi / Mechanical
Alloying

1. INTRODUCTION

Shape memory alloys (SMAs) constitute a unique
class of materials that have already proven to have wide
ranging applications in industries . - from aerospace to
biomedical. These materials have a crystallographic
structure that can change reversibly and reproducibly,
allowing the material to display dramatic stress-induced
and temperature induced recoverable deformations [1].
In recent years NiTi SMAs has been acknowledged as
one of the most attractive combination of properties such
as excellent mechanical properties, good corrosion
resistance and special shape-memory effect [2]. The
behavior of NiTi SMA is governd by a phase
transformation between austenite and martensite crystal
structures.  Transformation between austenite and
martensite phases can be produced by temperture cycling
between the high temperature austenite phase and the
low temperature martensite phase (shape memory effect),

or loading the material to favor the high strain martensite
phase or unloading to favor the low strain austenite phase
(superelasticity)

Due to their unique properties, SMAs have
attracted great interest in various fields of applications.
ranging from aerospace [3,4] and naval [5] to surgical
instruments [6] and medical implants and fixtures [7].
The SMAs have been untilized in coupling devices [8]
as actuators in a wide range of applications as well as in
medicine and dentistry.

There are several new methods to prepare NiTi
alloy, such as powder metallurgy (PM) [9,10], elemental
powder sintering [2], self-propagating high-temperature
synthesis (SHS) [1.1-15] and mechanical alloying (MA)
either in high energy bat-milling [16-18] or cold rolling-
[1]. Most of these processes are pioneering production
routes which can avoid problems caused by standard
melt-based manufacturing technology (e.g., segregation).
As known, there are a large number of parameter
influencing the final structure of the PM product. For
instances, it was shown that a large difference in particle
size causes extensive segregation after uniaxial pressing
and results in dimensional anisotropy change during
sintering. SHS technique allows to obtain alloys with
density of about 95 % of the theoretical density or in the
other hand with the anisotropy in pore structure [13].

MA technique offers new possibilities in
obtaining micro and nano crystalline powders with
metastable structure and it has been recently applied to
the NiTi system [16-18].

The purpose of this work was to produce a NiTi
alloy by MA and sintering processes in order to
investigate the effect of milling time and sintering
temperature and time on the final synthesized product.

2. EXPERIMENTAL

High purity elemental Ni and Ti powders were
weighed (Ni : Ti = 17.95 g : 22.03 g) and charged in
cylindrical stainless steel container together with 1.5 g
stearic acid (a process control agent, PCA) and 4.5 kg
stainless steel balls of 12.5 mm in diameter. The
grinding mill was evacuated to the pressure about 40 cm
Hg and after that the argon was introduced up to 4 MPa.
Samples were ground by means of a vibratory ball mill at
a fixed amplitude of 7 mm. After milling for 3, 6 and 10



hours, the ground samples were characterized by XRD,
and laser scattering particle size analyzer. The ground
and unground samples were then sintered at the
temperature of 500, 800, 900 and 1000 °C for one and
two hours in the controlled atmosphere tube furnace
purging with argon at the flow rate of 40 1/min and
heating rate of 10°C/min. The sintered products were
characterized by XRD and differential scanning
calorimeter (DSC).

3. RESULTS AND DISCUSSIONS

Fig.1 shows the XRD examination of the ground
powders. As can be seen, pure Ni and Ti powders have
been just mechanically blended in a vibratory ball mill at
various milling time periods and no alloying
phenomenon has occurred because of the low exothermic
character of the reactions of Ni and Ti to synthesize NiTi
intermetallic compounds. However, amorphous phases
were obtained in the range 28-72 % Ni during
mechanical alloying for 6 and 10 hours using a high

energy ball mill [19].
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Fig.1 XRD patterns of as received and blended
Ni-Ti powder before sintering

Particles size distribution of ground products at 3-10
hours were found to have similar trend (Fig.2). The
median size (dso) of 3hrs-milled powder was about 6 um
compared to those of 6 and 10 hrs-milled powders were
about 8 and 11pum respectively.
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Fig.2 Particle size distribution of as received and
blended Ni-Ti powder before sintering

It was because the agglomeration is easy to occur
under the compressive stress of a long grinding period.
After sintering at high temperature of 800 , 900 and 1000

°C for 1 and 2 hrs, three intermetallic compounds (TiNi,
TiNis, Ti;Ni) and TiC were found in the system of
ground samples (Table 1) and NiTi phase was not found
in the system of unground samples.

In case of unground samples, the local region that
was occupied by nickel and titanium powder prior to the
sintering became Ni-rich and Ti-rich region due to the
insufficient diffusion, which was then contributed to the
preferential formation of Ti;Ni and Ni;Ti respectively
[20]. As can be seen from Table 1, pure titanium and
nickel signals were present. From the biomedical point
of view, it is necessary to remove the pure Ni due to its
toxicity to human body. Furthermore, the presence of
pure Ni significantly influences the phase transformation
temperature of NiTi shape memory alloy [14,20].
Mechanical alloying method was found to be able to
overcome this problem, because the powders are well
blended and the structure after Ar-sintering is
#omogenous. [21]

It was found that blending time, and sintering
temperature and time have effect on the synthesis of NiTi
phase. The result showed that NiTi phase was difficult to
obtain even with a high blending time of 10 hrs. It
could be because Ni;Ti is the most stable phase and NiTi
is the least stable one among these three equillibrium
intermetallic phases (NiTi, Ni;Ti, NiTi,) according to the
calculation of the Gibbs free energy [22]. It is difficult
to obtain a final equillibrium structure of NiTi alone just
by solid —state sintering under the condition of this work.

* Ni3Ti phase tended to be formed when the samples were

ground for 10 hours and then sintered 1-2 hours while
NiTi, phase was not formed at such condition.

The phase, B2 (NiTi) and B19 (NiTi) which are the
desired products were present in the case of sintering for
2 hr at the temperature of about 900-1000°C of 6 hrs-
blended samples; by product phases like NiTi, and TiC
could also be observed (Fig. 3-4).

It was also found that TiC phase was formed during
sintering due to the reaction of Ti and C of the stearic
acid used as a process control agent (PCA). The effect
of TiC phase on SMA performance was reported by
Johansen et al (1999) that 10 vol.% TiC particles can
alter the phase transformation temperatures and can
affect the SMA performance, also addition of more than
ten volume percent TiC particles results in brittle rupture
during tensile loading [22]. However, there was a small
amount of TiC phase in this work because only 2 wt %
stearic acid was used.

- The low sintering temperature as at 500 °C for 1 hour
was also considered. Table 2 showed NiTi, NiTi, and Ni
phases were found after Ar-sintered of 3-and 6 hrs-
blended samples. It is due to the exothermic reactions
(eqns 1-3)taken place during combustion:

Ni+Ti —> NiTi+ 67 KJmol
Ni+Ti —> NiTi, +83 KJmol” ey
Ni+Ti —> Ni;Ti+ 140 KJmol”

With the heat from reaction and the heat provided by
pre-heating, combustion becomes self-sustaining [11] so
called self-propagating high temperature synthesis
(SHS). This is very interesting process that NiTi can be
synthesized by pre-heating even at low temperature.



Table 1 XRD results of Ni-Ti alloys synthesized at various conditions.

Milling time No milling 3 hrs 6 hrs 10 hrs
Sintering
ime 1hr 2 hrs 1 hr 2 hrs ‘1hr 2 hrs 1Tr 2 hrs
Temp.
Sample | Ti;Ni Ti;Ni NiTi, NiTi TiNi NiTi NiyTi NiTi
800°C Ni;Ti Ni;Ti TiC NiTi; Ni;Ti TiyNi TiC Ni,Ti
a Ti, Ni Ni TiC . TiC
NiTi NiTi . TizNi NiTi Ni;Ti Ni;Ti
b - - TizNi NiTi; Ni,Ti Ni;Ti Ti;Ni TizNi
TiC TiC TiC TiC TiC
Ti;Ni -~ | Ti;Ni NiTi NiTi NiTi NiTi (B2) NiTi Ni;Ti
2900°C a Ni;Ti Ti Ti;Ni Ni,Ti Ti;Ni NiTi (B19) | Ni;Ti TiC
Ni Ni - TiC TiC TiC TiC Ti
C _
NiTi NiTi Ni;Ti NiTi * Niy Ti NiyTi
b - - NiTi; | NiTi;+ | TiC NiTi, Ti,Ni TiC
' TiC TiC TiC
Ti;Ni NiTi; NiTi NiTi NiTi NiTi (B2) NiTi Ni;Ti
1000°C a TiC Ni,Ti NiTi; TipNi NiTi (B19) | Ni;Ti TiC
C TiC TiC TiC TiC
NiTi NiTi NisTi NiTi(B2) * | Ni;Ti Ni;Ti
b - - NiTi; NiTi, TiC NiTi (B19) TiC TiC
TiC TiC NiTi,
TiC
* These samples were analyzed by DSC shown in Fig. 9 and 10 respectively
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Fig. 3 XRD patterns of the products synthesized
0, 3, 6 and 10 hrs MA samples a and b at 900°C
for 1 hrs

Fig. 4 XRD patterns of the products synthesized
0, 3, 6 and 10 hrs MA samples a and b at 900°C
for 2 hrs

However, free Ni was also obtained at pre-heating
temperature of 500°C  therefore the pre-heating
temperature should be 525°C or above [11](Table 2).



Table 2 XRD results of Ni-Ti alloys synthesized the
3 and 6 hrs-blended samples at 500°C for 1 hrs
compared to those of the unblended samples

Milling Time
No milling 3 hrs 6 hrs
Ti NiTi NiTi
Ni Ni Ni
Ti,Ni Ti;Ni

Fig. 5-6 and Table 3 show the results of DSC
measurement for the sample prepared from
mechanical alloying of 6 hrs and sintered at 900°C and
1000 °C for 2 hrs, A single-stage transformation
curve was obtained by sintered at 900 °C for 2hrs
because in NiTi the high-temperature phase has only
the B2 body centered cubic crystal structure [ASTM
F2005]. The temperature of A, and A; were found to
be 48.6 and 66 °C respectively. The area related to the
austenite peak was only 12.5 I/g. The temperature of
M, and M; were found to be 55 and 48 °C
respectively.
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Fig. 5 DSC graph of 6 hrs-blended sample after

sintering at 900 °C for 2 hrs

According to Zhu and co-workers (2004), they
refered that a melt-cast TiNi alloy of the same Ti/Ni
ratio had an austenite peak area of up to 24.7 ¥/g. This
indicates that non-transforming phases such as NiTi,,
Ni;Ti and TiC are present in the sample.

The two-stage transformation was obtained by
sintering at 1000 °C for 2 hrs because NiTi phase has
both the B19 moncclinic and B2 body centered cubic
crystal structures. The temperature of A, and A; was
found to be 54.9 and 74.3 °C respectively. The area
related to the austenite peak was 14.8 J/g. The

temperature at which the martensite to R-phase (the
intermediate phase which forms from austenite prior
to martensite formation) transformation begins (R, nd
finishs (R’() on heating in a two-stage transformation
(Fig. 10) were foundtobe -25.5and8°C. The M,
and M; temperatures were found to be 30.8 and 12 °C
while R, and R, temperatures were 56.3 and 50 °C
respectively. :
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Fig. 6 DSC graph of 6 hrs-blended sample after

sintering at 1000 °C for 2 hrs

4, CONCLUSIONS

NiTi phases of body centered cubic and
monoclinic crystal structure were obtained as blending
the elemental Ni and Ti powders in a high energy
vibratory ball mill for 6 hours and sintered at
temperature about 900-1000°C for 2 hrs. NiTi, phase
was formed after sintering the blended sample
prepared by milling for 3 and 6 hrs while Ni;Ti phase
tended to be formed in the sample prepared by milling
for 10 hrs. It is difficult to synthesize NiTi and to
avoid free Ni without blending the samples with a
high- energy mill for a suitable time.

In a low sintering temperature process at above
500°C, NiTi was also able to form by means of SHS.
A small amount of TiC phase was also found as a
contaminant in this work from stearic acid used as
PCA. The non-transformation phases such as NiTi,,
Ni;Ti and TiC have an effect on the transformation
temperature of Ni-Ti alloys by thermal analysis. A,
and Ay of the single-stage transformation alloy were
48.6 and 66 °C respectively, while those of the two-
stage  transformation alloy were 54.9 and 74.3 °C
respectively.



Table 3 Transformation temperatures ("C) of NiTi alloys

Cogling Heating
Conditions R Rpuk Re M, Mpuk M A Apuk R’ R’ peak Ry Af
Sintered 6 hrs MA at 900°C  for2 hrs | - - - 55 526 48 48.6 56.3 - - - 66
56.3 542 50 30.8 223 12 549 658 -255 91 8 74

Sintered 6 hrs MA at 1000°C for 2 hrs
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Abstract

The purpose of this research were to study the influence of milling times and sintering times in formation of NiTi shape
memory alloy . The variable of milling time for 3, 6 and 10 hours . From the results of X-ray diffraction (XRD) analysis
of ground powder with various milling time more than 3 hours only amorphous phase were observed . Ground powders
were compacied by a single action pressing to from a dumbbel! shaped specimens and sintered at the temperature of
1200°C for 1, 1.30 ,2 and 2.30 hours . Results by XRD at milling time of 6 hours sintered temperature 1200°C of 1.30
hours from NiTi , TiC phase . Analyzed of structure change temperature by Differential scanning calorimetry (DSC) and
testing the mechanical property by Universal testing machine{UTM)
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