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Abstract We produced cylindrical porous TiNi bodies by Self-propagating High-temperature Synthesis (SHS)

process, varying the heating schedule prior to ignition of a loose preform compact made from (Ti+Ni) powder

mixture. To investigate the effect of the heating schedule on the behaviour of combustion wave propagation and

the structure of porous TiNi shape-memory alloy (SMA) body, change of temperature in the compact during SHS

process was measured as a function of time and used for determining combustion temperature and combustion

wave velocity. Microstructure of produced porous TiNi SMA body was observed and the results were discussed

with the combustion characteristics. From the results it was concluded that the final average pore size could be

controlled either by the combustion wave velocity or by the average temperature of the preform compact prior to

ignition.
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1. Introduction

Titanium-nickel intermetallic compound is a repre-
sentative shape memory alloy (SMA) with unique
characteristics such as thermal shape memory effect,
superelasticity, good corrosion resistance, and high
damping properties. These properties can be used
ideally for biomedical applications. In fact TiNi
SMA implants have been developed and are widely
used in cardiovascular and gastrointestinal applica-
tions [1-4]. As a biomaterial for hard- tissue replace-
ment a porous TiNi SMAs are more suitable, because
their stiffness and Young’s modulus can be easily
adjusted by controlling the porosity, and the porous
structure would allow the in-growth of human tis-
sue, nutrition exchange, and medicament transporta-
tion. In addition, porous alloys are lightweight. All
these factors have made porous TiNi SMAs one of
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the promising biomaterials for orthopedic implants
and hard-tissue replacements [3-6].

A SHS (Self-Propagating High-temperature Synthe-
sis) process is a very suitable for the production of
porous TiNi shape memory alloy. The synthesis
reaction occurs generally through ignition, propaga-
tion of a combustion wave front and cooling. It has
advantages such as process economics, simplicity
and purification of the reaction product [7-8]. Many
of research works on the production of porous TiNi
SMAs by SHS have been reported [9-11]. However,
the studies on the relationship between the process-
ing variable and the structure of porous TiNi SMAs
are rarely found yet. Even in our previous works on
the fabrication of porous TiNi SMAs by SHS pro-
cess only a limited information had been simply
given such as the effect of starting powder of Ti and
Ni, the size of preform compact and the heating
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schedule prior to the ignition on the pore size and the
structure of TiNi SMAs produced [12-14]. In the
present work we aimed at providing a basic experi-
mental data which can be used for suggesting a pos-
sible relationship between the temperature change in
the preform of (Ti+Ni) powder mixture, the combus-
tion wave propagation behaviour and the structure of
TiNi SMAs produced.

2. Experimental Procedures

Starting powders of Ti and Ni were mixed in an
argon-gas sealed container using a ball mill to have a
composition of Ti:Ni=50:50 at% and then vacuum-
dried at 70°C. The prepared powder mixture was
loaded in a quartz tube with diameters of 40 mm,
and loose-compacted by tapping, where three ther-
mocouples were inserted at ‘top’, ‘centre’ and ‘bot-
tom’ position in a compact for measuring the
temperature at various positions during the SHS pro-
cess in real-time. For a synthesis reaction the com-
pacted preform was loaded into a tube furnace under
flowing argon-gas with a heating rate of 20 K/
minute and ignited electrically with the use of a
tungsten filament. For heating prior to ignition, three
different heating schedules were used: (1) A-type
(heated to 300°C and instantly ignited), (2) B-type
(heated to 300°C, soaked for 1hour and then ignited),
and (3) C-type (heated to 320°C followed by fur-
nace-cooling to 300°C and then ignited). After the
SHS reaction the compact was cooled to room tem-
perature. During the SHS process temperature was
measured real-time by three thermocouples in an
analog signal which was converted automatically
into digital data by microprocessor and stored in a
computer. More detailed production procedure can
be found in our previous papers [12-14]. The pro-
duced porous TiNi SMAs were cross-sectioned by
electric-discharge wire-cutting after removing the
surface layer which remained not reacted. Phase
identification of the cross-section by X-ray diffracto-
metry (XRD) showed a same result with our previ-
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ous report: TiNi (B2) phase as a main phase with a
trace of TiNi (B19’) phase [13]. The structure of
porous body was observed by optical and scanning
electron microscopy (SEM), respectively. Image
analysis program was used for analyzing the pore
characteristics such as pore size and its distribution.

3. Results and Discussion

Fig. 1 shows a change in temperature profile dur-
ing heating prior to ignition and during SHS reac-
tion, respectively. As clearly seen in the Fig. 1(a), a
temperature difference existed in a preform of
(Ti+Ni) powder mixture during the process. Espe-
cially for the heating schedule of A-type, it was
remarkable from position to position. The ‘top’ part
showed the highest temperature and the ‘center’ part
the lowest. For the heating schedule of B- and C-
type the difference in temperature was not so large
compared to the A-type. Such difference of tempera-
ture distribution seemed to be resulted from the dif-
ferent thermal conduction due to different positions
in a preform and heating schedule. This temperature
difference in a preform during a heating prior to
ignition affected also the temperature change during
combustion (Fig. 1(b)). The time at which the tem-
perature increases after ignition was different accord-
ing to the heating schedule and the position in a
preform. This implies that a combustion wave would
propagate in a different way depending on the heat-
ing schedule prior to ignition because the wave prop-
agation behaviour has a close relationship with
combustion temperature. A summary of measured
temperatures in a preform compact at the moment of
ignition and the temperature after combustion was
given in In Fig. 2.

In A-type heating the ‘centre’ part showed lower
temperature than ‘top” and ‘bottom’ part, whereas B-
and C-type revealed almost same temperature. Dis-
tribution of temperature in the preform seemed to be
homogenized by the heating schedule of B- and C-
type. From the results of the temperature after com-
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Fig. 1. Change in temperature (a) during heating prior to ignition and (b) during SHS reaction after ignition.

bustion we confirmed also a similar trend, that is, B-
and C-type showed almost no difference with each
other, but A-type showed a higher temperature both
at ‘top’ and ‘bottom’ part. The maximum tempera-
ture after combustion was same as 1100°C at the
‘centre’ position for all the samples, irrespective of
the heating schedule. It seems that the combustion
behaviour might be affected by the temperature dis-

tribution in the preform prior to ignition.

Fig. 3 shows a change in the maximum tempera-
ture after combustion and the maximum combustion
wave velocity as a function of average temperature
in a preform compact at the moment of ignition. The
data point was collected from all samples, irrespec-
tive of the heating schedule and the measured posi-
tion, and averaged. In spite of scattering of data

Vol. 17, No. 1, 2010



32 Ji Soon Kim, Victor E. Gjunter, Jin Chun Kim, and Young Soon Kwon

320
‘F::::=a_ﬁ_==ll ‘I
_ 280+
b
g
2 2404
o
2
£ [
o 2004 —e—A-Type
a —4—B-Type
—u—C-Type
160 T T T
Top Center Bottom
(a)
1150
1100
o
‘é‘ 1050
=
g 1000 ~
-1
§
= —e—A-Type
950+ —a—B-Type
—u—C-Type
900 T T T
Top Center Bottom
(b)

Fig. 2. (a) Temperature in a preform compact at the
moment of ignition and (b) the maximum temperature
after combustion.

points, it can be seen clearly that a relationship
between the average temperature in a preform, the
maximum temperature after combustion and the
velocity of combustion wave exists. It is known that
adiabatic combustion temperature of (Ti+Ni—TiNi)
is normally higher than the melting point of TiNi
(1310°C) [15] and can be further increased by pre-
heating [16]. The data in Fig. 3 shows a different
result. That is, the maximum temperature of com-
bustion was lower than the reported one. A possi-
ble explanation can be given by the cooling effect
of flowing argon gas and the porous structure of
specimen. During the whole SHS process the fur-
nace was protected under flowing argon gas and
the flowing rate was drastically increased from the
moment of ignition with intention. Additionally
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Fig. 3. Change in (a) the maximum temperature after com-
bustion and (b) the maximum combustion wave velocity as
a function of average temperature in a preform compact at
the moment of ignition.

the open-channelled structure of specimen with
high porosity seems to enhance the cooling effect
further.

Another relationship between the maximum tem-
perature after combustion and the combustion wave
velocity could be also derived and given in Fig. 4. It
seems that the combustion wave velocity increases
exponentially with the maximum temperature after
combustion, but it should be confirmed for a more
clear explanation by further investigations.

To confirm the effect of the temperature differ-
ence in the preform on the combustion behaviour a
similar graph as Fig. 3 was shown in Fig. 5, in this
case, as a function of average temperature differ-
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Fig. 4. Change in combustion wave velocity as a function
of the maximum temperature after combustion.

ence between surface and inside of a preform com-
pact at the moment of ignition. It is evident that an
increase in temperature difference between the sur-
face and inside a preform leads to an increase in the
maximum temperature after combustion and the
combustion wave velocity. It should be also noted
here that the ‘centre’ part shows higher tempera-
tures after combustion and lower combustion wave
velocity compared to other parts.

Fig. 6 shows optical micrographs of the cross-sec-
tion of porous TiNi SMAs produced and SEM
images revealing a typical macro- and micro-pores
inside the porous body. A wave pattern of concen-
tric circle is found in the sample produced by the
heating schedule A which represents an unstable
propagation of combustion wave. The average pore
size measured by image analysis method was in the
range of 270-340 um. All the samples had a three
dimensionally interconnected open porous structure
with TiNi SMA strut containing many closed pores
with smaller size.

Fig. 7 shows a relationship between the pore
size and the combustion characteristics like com-
bustion temperature and combustion wave veloc-
ity, that is, change in pore size as a function of the
maximum temperature after combustion, the com-
bustion wave velocity and the average tempera-
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Fig. 5. Change in (a) the maximum temperature after
combustion and (b) the maximum combustion wave
velocity as a function of average temperature difference
between surface and inside of a preform compact at the
moment of ignition.

ture in a preform compact at the moment of
ignition. It is difficult to find a relationship between
the pore size and the maximum temperature after
combustion. But it is clearly seen that the pore size
has nearly a linear relationship with the combus-
tion wave velocity and the average temperature in a
preform prior to ignition. A linear relationship is
more evident for the latter and it is more favour-
able from the point of view which can be more eas-
ily and usefully applied to the fabrication process
for obtaining the porous TiNi SMAs with con-
trolled pore size and structure.
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(b)

Fig. 6. (a) Optical micrographs of the cross-section of porous TiNi SMAs produced (from left A-, B- and C-type) (Diam-
eter=40 mm) and (b) SEM images showing a typical macro- (left, x5) and micro-pores (right, x20) inside the porous body.
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Fig. 7. Change in pore size as a function of (a) the maximum temperature after combustion, (b) the combustion wave veloc-
ity and (c) the average temperature in a preform compact at the moment of ignition.
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4. Conclusions

Porous TiNi SMAs were produced by SHS pro-
cess. The difference in heating schedule prior
to ignition of (Ti+Ni) loose powder preform led to
different temperature distribution which was accom-
panied by a change in the combustion temperature
and the propagation velocity of combustion wave
during SHS process. Pore size increased with the
propagation velocity and the average temperature
inside the preform compact prior to ignition.
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