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Abstract

The influence of compaction pressure on the pore morphology of porous NiTi shape memory alloys (SMAS) fabric-
ated by self-propagating high-temperature synthesis (SHS) was investigated. The compaction pressure has a significant
effect on the combustion temperature and pore morphology. The porous NiTi (SMAs) thus obtained have the porosity of
product in the range of 37.4-57.9 vol.%. The open porosity ratios were observed to be greater than 88%, which indicates
that porous NiTi (SMASs) are suitable for biomedical applications. In addition, the predominant phases in the porous
product are B2(NiTi) and B19’(NiTi) with small amounts of secondary phases, NiTi, and Ni,Ti..
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1. Introduction

Combustion synthesis (CS) or self-propagating high
temperature synthesis (SHS) can be effectively used for the
production of powder and porous bodies of intermetallic
compounds and ceramics. The synthesis reaction occurs
generally through ignition, propagation of combustion wave
front and cooling. Various heat sources used to ignite
samples are, for instance, tungsten coil (Yeh and Sung.,
2004), electric arc, electrically heated Mo filament, a mag-
nesium ribbon, laser pulse (Bertolino et al., 2003), highly
exothermic reaction, rapid heating in a furnace, or micro-
wave energy (Ganesh et al., 2005). Combustion reaction can
be induced either by a self-propagating mode or by a thermal
explosion mode. The process with the advantages of time
and energy savings has been recognized as an attractive alter-
native to the conventional methods of producing advanced
materials, such as carbides, borides, nitrides, hydrides, and
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intermetallics, etc. (YYeh and Sung., 2004).

Recently, the study of biomedical porous NiTi (SMAS)
has attracted much interest in its potential use as a functional
material in many engineering and medical applications (Chu
et al., 2004), because of their excellent mechanical proper-
ties, unique shape memory effect and superelasticity, good
corrosion resistance, superior damping capability, and high
biocompatibility (Starosvetsky and Gotman., 2001; Kapanen
et al., 2001). In addition, the porous NiTi alloy shows
promising potential for the application of bone implantation
because the porous structure allows the ingrowth of new
bone tissue along with the transport of body fluids, thus
ensuring a harmonious bond between the implant and the
body tissues (Li et al., 2000; Li et al., 2002). Most reports on
the preparation of NiTi SMAs by the SHS have focused on
obtaining dense NiTi SMAS, whereas less attention has been
paid on the preparation of porous NiTi ones. In the present
study, the porous feature of SHS products was purposely
used to synthesize porous NiTi SMAs. For the fabrication of
porous NiTi SMAs by the SHS from the elemental powders,
the chemical reaction is weakly exothermic. It is therefore
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necessary to preheat the sample prior to sample ignition to
achieve a self-sustained combustion (Tay et al., 2006; Yeh
and Sung., 2004; Li et al., 2000). With this mode of com-
bustion, highly porous NiTi alloy at 60% porosity has been
produced (Patil et al., 2002). The aim of this work was to
study the influences of compaction pressure on the morphol-
ogy and phase evolution of combustion products.

2. Experimental methods of approach

The starting materials used were commercial high-
purity powder of Ni (99.8%) and Ti (99.5%) supplied by
Alfa Inc., USA. The average particle sizes of Ni and Ti were
16.4 um and 34.9 um respectively. The mixed powders of
Ni and Ti with equiatomic stoichiometry were blended by a
planetary ball mill for 12 hours, and then cold-pressed into a
cylindrical sample with a diameter of 14 mm and a height of
28 mm at compaction pressure levels of 8MPa, 16MPa and
64MPa. The powder compact was then loaded into a re-
action furnace and heated to 200°C under an argon atmos-
phere. The preheated compact was ignited at one end by
tungsten coil in a furnace. The combustion temperature-time
profiles of powder compact were obtained by placing type K
thermocouple in a close contact onto the sample surface and
the data were recorded using a USB Data Acquisition re-
corder. The general porosity of the specimens was calculated
by the formula

€= {1-£}<100
P,

in which p and p, are the density of the specimen and its
corresponding theoretical density, respectively. The density
and the open porosity of the specimen were determined by
the liquid weighing method (ASTM B328-73., 1980). The
theoretical density value is 6.44 g/cm?® for the NiTi alloy.
After reaction, the microstructural characteristic of products
was examined under a scanning electron microscope (SEM).
X-ray diffraction (XRD) was used to identify phases.

3. Result and Discussion

Figure 1 shows the shape of starting powder observed
by SEM. Nickel powders have a spiky surface while titanium
powders have an angular shape. Changes in the surface mor-
phologies and the particle size of Ni-Ti powders after ball
milling are also shown in Figure 1.

3.1 Influence of compaction pressure on the combustion
temperature

It can be observed in Figure 2 that the combustion
temperature, T, increases with increasing compaction
pressure since the higher the compaction pressure, the better
the heat transfer from the burned to the unburned region.
The maximum combustion temperature in this study is 843°C
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Figure 1. SEM micrograph of (a) Ni powders, (b) Ti powders and
(c) Ni-Ti powders after milling for 12 h.
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Figure 2. Influence of compaction pressure on combustion tempera-
ture of sample compacts at preheating temperature 200°C

at a compaction pressure of 64 MPa. In addition, the highest
combustion temperatures of all three samples shown in Fig-
ure 2, are below the lowest eutectic temperature (942°C) of
the Ni-Ti mixture and below the melting point of the NiTi
alloy (1310°C). Therefore, no liquid possibly exists, and
solid-state reaction is the dominant mechanism. The original
pores in the green compact are hence the main origins of
pores obtained in the final products.

3.2 Influence of compaction pressure on morphology

Figure 3, the micrographs of porous NiTi SMAs
produced by SHS, demonstrates the porous nature of the
SHS reacted products. As pointed out by Munir and Wang
(1990), pores in SHS-reacted products have five possible
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Figure 3. Typical morphology of porous NiTi at different compac-
tion pressure:
(a) 8MPa, 200°C,
(b) 16MPa, 200°C,
(c) 64MPa, 200°C,
(d) SEM micrographs: 8MPa, 200°C

sources. They are: (1) existing pores in the reactants prior to
combustion; (2) differences in molar volume between reac-
tants and products; (3) differences in diffusion rates between
nickel and titanium; (4) gas evolution during reaction; and
(5) thermal migration due to the high temperature gradient
during combustion. Certainly, the first one is the main contri-
bution since the reactants prior to combustion have porosity
of 54.8, 44.7 and 35.2 vol.% for the samples compacted at 8,
16 and 64MPa, respectively which are close to the porosity
levels of the synthesized products (57.9, 47.7 and 37.4
vol.%), as can be seen in Table 1. Therefore, the porosity
level of the samples was effectively reduced by increasing
the sample compaction pressure. It is also noted in Table 1
that most pores are interconnected as indicated from the
open porosity ratio, which is in excess of 0.88. Porous NiTi
SMA with such pore characteristics is suitable for use as
hard tissue implants (Chu et al., 2004)

Figures 3a to 3c show a series of longitudinal sections
of porous parts produced at various compaction pressures.
Although linearly aligned channels in longitudinal sections
were observed by Li et al. (2000), here we obtained stria-
tions in the range of 1 to 4.5 mm long along the transverse
direction and perpendicular to the direction of the combus-
tion wavefront during SHS. As shown in Figure 3d, many
small pores of near-circular or elliptical shapes were observed
by SEM. The cross-sectional views of the porous NiTi
samples (Figures 3a-3c) reveal that most pores were inter-
connected, which is similar to that found in a work by Tay et
al. (2006). According to Figures 3a-3c, the higher the com-
paction pressure, the narrower the distance between the
adjacent striations and the smaller the pore size. The average
measured pore sizes are 497, 441 and 368 mm for the
samples compacted at 8, 16 and 64MPa, respectively. This is
due to the increase in compaction pressure usually increas-
ing the amount of particle contacts and hence raising the
thermal conductivity, the combustion temperature and the
heat propagating wave velocity given the stable combustion
front to the unburned region.

3.3 Influence of compaction pressure on phase evolution

Figure 4 shows an XRD pattern of the reactants. As
can be seen, the nickel and titanium powders have been only
mechanically mixed without alloying. The XRD patterns of
SHS-synthesized porous NiTi SMAs under different com-
paction pressure are shown in Figure 5. It can be observed
from the XRD spectrum in Figure 5 that there is no signific-

Table 1. Green porosity, general porosity, open porosity and open porosity ratio at different compaction pressure

Compaction Preheating Green porosity  General porosity ~ Open porosity ~ Open porosity
pressure (MPa)  temperature (°C) (vol.%) (vol.%) (vol.%) ratio
8 200 54.8 57.9 55.8 0.96
16 200 44.7 47.7 42.2 0.88
64 200 35.2 374 33.8 0.90
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Figure 4. XRD patterns of the Ni-Ti powder mixture
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Figure 5. XRD patterns of the SHS-synthesized porous NiTi SMAsS
with different compaction pressure (8MPa, 16MPa and
64MPa)

ant effect of the compaction pressure on phase evolution and
the SHS process results in the formation of several inter-
metallic compounds, such as NiTi, NiTi, and Ni,Ti,. The
B2(NiTi) and B19’(NiTi), which are the desired products,
are the predominant phases. The presence of the second
phases is the common feature for the products processed by
SHS because of the compositional fluctuation in the speci-
men. This is due to the raw powders being insufficiently
mixed and the particle size of the reactants not small enough
(Hench and Am., 1991). The presence of the Ni,Ti, phase
observed from the SHS-synthesized porous NiTi (SMAS)
can be explained as follows. The overall stoichiometry of the
sample was Ni-rich. Moreover, the presence of NiTi, as the
only second phase could make the parent NiTi phase more
Ni-rich (Chu et al., 2004) Among these phases, NiTi and
NiTi, are the two stable phases, while Ni,Ti, is a metastable
phase observed in Ni-Ti alloys (Li et al; 2000).

4. Conclusions

This study represents an effect of compaction pressure
on the morphology and phase evolution of NiTi SMA synthe-
sized by the SHS technique. It was found that not only the
porosity level but also the pore structure and pore size are
strongly affected by the compaction pressure. With increas-

S. Wisutmethangoon et al. / Songklanakarin J. Sci. Technol. 30 (6), 761-765, 2008

ing compaction pressure, the porosity level becomes lower
and the pore size gets smaller. The average pore size of the
synthesized products ranges from 368-497 mm with the total
porosity and the open porosity ratio of 37.4-57.9 vol.% and
88-96%, respectively. The primary source of porosity in the
synthesized samples was attributed to the sample green
porosity. The predominant phases in the porous products are
B2(NiTi) and B19’(NiTi) with small amounts of secondary
phases, NiTi, and Ni,Ti,. However, there is no influence of
the compaction pressure on the formation of phases in the
synthesized products.
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