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Abstract

The self-propagating high-temperature synthesis of Ni—Ti mixtures was investigated with particular attention to the ignition step. Ignition
was performed using an integrated laser diode system which allows fine control of the heating and ignition processes. The experimental param-
eters controlling the ignition step such as thermal conductivity, surface absorbance, ignition temperature and energy were obtained both exper-
imentally and by numerical simulation as a function of initial stoichiometry, reactants particle size, and heating cycle. Appropriate ignition
conditions were searched in order to minimize the thermal gradients inside the pellet obtaining constant reaction temperature and velocity. De-
pendencies of reaction front velocity and reaction temperature on the pre-heating one were reported too.

© 2006 Published by Elsevier Ltd.
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1. Introduction

Shape memory alloys (SMAs) constitute a large group of
alloys with unique properties, that allow technological appli-
cations in various fields [1]. In the last two decades, researches
concerning this kind of materials have been significantly ad-
vanced and oriented both to more basic aspects (such as the
theoretical modelling and understanding of their martensitic
transformation [2] and the structure and substructure forma-
tion of various alloys [3]), and to more technological aspects,
such as to the discovery of new SMAs and their applications
[4], and to the possible preparation procedures of these mate-
rials [5].

Among SMAs, NiTi has been extensively investigated
thanks to its excellent mechanical properties (ductility, impact
resistance and damping), its good corrosion resistance, its high
biocompatibility (which make it an ideal candidate for use in
bone implants), as well as for its remarkable shape memory
features [6—9]. This alloy has been shown to be commercially
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important for its potential use as a functional material in many
engineering applications, including couplings, actuators, smart
materials, as well as external and internal biomedical applica-
tions, such as orthodontic arch wires, catheters, and orthopae-
dic implants [4,10,11].

Porous NiTi SMA is another promising candidate for bio-
medical applications, but has been acknowledged as very im-
portant for use in bone implants only very recently and has
hence been subject of fewer studies in literature. Apart from
the usual characteristics of SMAs (good mechanical proper-
ties, corrosion resistance, high biocompatibility, pseudoelas-
ticity, shape as well as volume memory effect [6]), NiTi in
its porous structure allows the ingrowth of new-bone tissue
along with the transport of body fluids, thus ensuring a harmo-
nious bond between the implant and the body [6]. Moreover,
the possibility to control the porosity during the production
process can lead to an adjustable elastic modulus of the final
product and hence to a better matching with the elastic mod-
ulus of the human bones [12—15].

The potential application and the commercial development
of NiTi alloys have, however, been limited by the difficulties
and costs of the synthesis, and by the machining of the final
product. Conventional routes for the production of NiTi for
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shape memory effect consist in the synthesis of the alloy start-
ing from pure elemental metals. This is normally performed
either by vacuum induction melting (VIM) or by vacuum arc
re-melting (VAR). Subsequently, the product undergoes hot-
working and forming to obtain the final desired shape [16].
It is worth noting that the processes above are characterized
by the extreme reactivity of the melt and, being “‘relatively”
slow, by a certain degree of segregation in the final material,
due to the difference in density of the two reacting metals
(pni = 8.9 g/cm3, pri=4.5 g/cm3). Furthermore, due to the
narrow stoichiometric range of existence of the NiTi phase,
the temperature of the martensitic transformation is strongly
dependent on the chemical composition, and thus multiple
re-melting is required to achieve the suitable homogeneity.
The difficulties of working and mechanically machining
NiTi also contribute to increase the production costs, thus lim-
iting the commercial availability of this material.

For these reasons, the necessity of alternative methods for
the fabrication of NiTi has become evident. Among synthetic
techniques, powder metallurgy (PM) has been actively pursued
as it provides a ‘“‘near-net shape’ processing method which
avoids the costly VIM or VAR and the associated manufactur-
ing steps. PM has the potential of producing a variety of com-
ponent shapes while eliminating machining operations as well
as avoiding the problems of casting defects due to segregation
[17,18]. In this context, various powder synthesis routes have
been investigated, such as reactive sintering [14] and hot-
isostatic pressing [19].

In addition to the techniques mentioned above, self-propa-
gating high-temperature synthesis (SHS) or combustion syn-
thesis (CS) has advantages of time and energy savings that
make it an attractive alternative to the conventional methods
for the production of various classes of materials, including
carbides, borides, nitrides, hydrides, intermetallics [17,18,20].
Also the possibility to form porous products is a well known
feature of the SHS reactions. Due to the intrinsic characteris-
tics of the technique, the porosity of SHS products derives
both from the original porosity of the green pellet and from
other sources typical of the synthesis process. These include
the change in molar volume, the thermal migration resulting
from the combustion front thermal gradients and, in particular,
gas evolution due to the volatile impurity expulsion [21].
Porosity, mean pore size, and pore size distribution can more-
over be controlled to a good extent in the SHS process. Poros-
ity can be increased by either performing the reaction under
reduced pressure or by adding a gasifying agent [22]. Pore
size can be controlled by varying the reaction temperature
through the addition of diluents to the initial mixture (gener-
ally the same reaction product) [20]. When homogeneous
porosity is desired, great care must be paid to the ignition
step to avoid non-uniform temperature profiles within the sam-
ple. Short ignition times are therefore required; mechanical
activation of the reactants (MASHS) has been proven to
greatly reduce ignition time and temperature in many combus-
tion reactions [23—25].

Several works concerning the preparation of porous NiTi
by combustion reactions have been reported, in which

typically reactions have been conducted in two different
modes: (a) SHS when the reaction initiates locally in a small
volume and propagates from one side to the other side of
the sample [6—8,13,14,26—30], and (b) volume combustion
[27,31,32], when the entire sample is heated up to the ignition
temperature and the chemical process starts at the same time
throughout the entire pellet. With the exception of the notice-
able work of Biswas [31] in which single phase porous NiTi
was prepared by a modified volume combustion route, most
of the works concern the SHS mode. NiTi samples prepared
by SHS were shown to have a porosity above 50%
[6,7,13,26] with a high fraction of interconnected pores; reac-
tants particle size, reactant mixing procedure and initial green
density have been varied to obtain ideal porosity content and
shape.

Due to the relatively low exothermicity of the reaction
(AH = 67 kJ/mol) the synthesis of NiTi requires pre-heating
of the sample to achieve self-sustained combustion [15]. Pre-
heating temperature was shown to influence the amount of
transient liquid phase present at the combustion front [7,13].
This ultimately controls the morphology of the product: exces-
sive pre-heating has dramatic effect such as anisotropy in pore
structure, formation of undesired macro-porosity and extended
product melting [13].

The aim of the present study is an experimental (and paral-
lel simulation) study of the combustion synthesis of porous
Ni—Ti compounds, with particular attention to the effect of
the heating and the ignition processes on the reaction phenom-
enon. As already said, due to the high thermal conductivity of
reactants and products, ignition plays a critical role in the re-
action and the product morphology. Markedly different reac-
tion temperatures were observed by different authors [7,13]
when conventional heating methods (e.g. tungsten coil) were
used, due to the lack of control of the energy transfer intrinsi-
cally linked to these methods. Improvement made by using
chemical igniters have been tried [7] but limited benefits
were obtained. In the present study an integrated laser diode
system has been used which allows to operate using short ig-
nition times and a more careful control of the ignition condi-
tions than conventional techniques. For a better understanding
of experimental results, 0-D and 1-D numerical codes have
been used to estimate some thermophysical properties of the
pellets. The information obtained through simulation can as
a matter of fact help in having a more detailed description
of the thermal evolution of the ignition and the propagation
characteristics of the SHS process.

2. Experimental apparatus and procedures
2.1. Combustion synthesis experiments

Samples have been prepared starting from elemental pow-
ders of Ni and Ti, homogeneously dry mixed in the stoichio-
metric ratio 1:1. Experiments with stoichiometric ratios
Ni:Ti, 1:2 and 3:1 have also been performed for the ignition
tests. The powders have then been cold pressed into two fam-
ilies of cylindrical pellets, the first one obtained by mixing
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finer powders (particle size Ni =3 pum, Ti <45 um) and the
second one by mixing coarser powders (particle size
Ni < 150 um, Ti < 150 um). All the tests have been carried
out in a stainless steel combustion chamber (volume = 151)
under a 0.7 bar Ar (99.98%) pressure by means of the apparatus
depicted in Fig. 1. The key feature of our experimental appara-
tus is the compact integrated laser diode system (LW-30250)
that delivers a maximum power of 250 W in continuous wave
mode with a wavelength centred at 805—810 nm. Laser power
is delivered via an optical fibre bundle that can be focused on
different spot diameters and distances. These laser features per-
mit, by a movement system (2-axis micro-translator) where
the laser head is placed, to easily collimate the vertical axis
of the sample with the laser beam and to drive, by a PC, the
intensity and time duration of the power deposited on the
sample. The combustion temperature has been acquired by
a two-colour pyrometer (Micron fibre optic model M78)
with a response time of 40 ms, focused on the middle of the
sample. Moreover, in order to verify the accuracy of the
two-colour pyrometer measurement, a thermocouple (Pt/Pt—
10%Rh, bead size 127 um and response time of about
10 ms), placed in the sample during the compaction of the
reactant powders, has been used. The combustion front
propagation rate has been determined from the images of the
reaction front position, video-recorded by a TV camera system
(Chugai Boyeki Co. YCH19), and the time superimposed on
the video images by using a time code generator. Pre-heating
of the samples was obtained by inserting the pellets in a home-
made heating holder with some holes for the regression rate
and temperature measurements (Fig. 2). By using this equip-
ment, the sample can be uniformly heated up to 600 °C and
the temperature inside the heater can be continuously moni-
tored by two thermocouples placed in two different points of
the heater.
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Fig. 2. Sample heater scheme.

Typically, experiments are performed by placing the sample
inside the heater, and then increasing the sample temperature
to its selected final value. This operation requires about
10 min (in order to reach the same temperature at the bottom
and at the top side of the sample), but it guarantees that the
ignition of the powder mixture occurs only when a uniform
temperature distribution is reached in the whole sample. The
sample is then ignited through a laser shot of 200—250 W
for 0.3—0.8 s, and this condition permits to minimize changes
in the temperature profile inside the sample. The laser shot du-
ration was generally selected depending on the sample charac-
teristics (porosity and thermal conductivity).

2.2. Ignition experiments

The investigation of the parameters controlling the ignition
of the combustion reaction has been performed with a special
experimental setup that was described in detail in a previous
work [28]. Briefly, smaller samples with a diameter of 6 mm
and an height of 0.5 0.1 mm are suspended (holder should
not touch the samples to minimize heat loss by conduction)
by means of a thermocouple (Pt/Pt—10%Rh, bead size
127 pm) inserted in the middle of the sample and brought to
thermal explosion condition by uniformly heating by the laser.
Laser powers, ranging from 300 to 800 W/g, have been used to
heat the samples up to the ignition temperature while higher
laser powers as a matter of fact cause a too rapid increase in
the sample temperature and ignition condition is reached
when non-uniform distribution of temperature is present inside
the sample. Moreover, fast heating rates (less than 5 s) some-
times make it difficult to correctly define the ignition
temperature.

3. Results

An accurate study of the radiant energy contribution to the
ignition and propagation processes requires the knowledge of
the thermal conductivity (K.(T)) of the reacting mixture and
of the absorbance («) of the surface irradiated by the laser.
These data are necessary to define, for any experimental con-
dition, the temperature distribution in the sample at the
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ignition step. Without a consistent study of these two param-
eters, the experimental results concerning the heating, ignition
transient and reaction cannot be quantitatively interpreted to
give information such as the ignition energies. Moreover,
K.(T) and « are required when numerical simulation of the ig-
nition transient relevant to long samples are computed.
Concerning thermal conductivity of pressed powders, it can
actually differ from the bulk value because of the porosity
[33], and is one of the most relevant parameters in defining
the combustion behavior [34]. Thermal conductivity evalua-
tion is here based on the capability to heat the upper side of
the sample, by laser energy, and then to measure the tempera-
ture evolution in time, by two thermocouples placed at a known
distance, inside the pellet [35]. The same experimental tem-
perature profiles have been numerically reproduced by the 1-
D code [36], once the dependence of the thermal conductivity
on porosity and temperature has been properly chosen. Fig. 3
shows the experimental temperature profiles (open circles)
during a heating—cooling cycle as measured by two thermo-
couples placed on the upper surface and 3 mm below it. The
data refer to a Ni:Ti, 1:1 mixture with a porosity of 33 vol%
and to a laser power of 49.8 W cm ™ 2. From these data the ther-
mal conductivity and its dependence on temperature could be
evaluated and used to simulate temperature profiles at other
positions inside the sample, as those reported on the same fig-
ure as dash-dotted lines. The dependence of effective thermal
conductivity on porosity (from 34 to 66 vol%) and temperature
is shown in Fig. 4 where data obtained by numerical simula-
tions are reported. Comparisons between these data and the
K. values relevant to the full dense materials ( porosity = 0%)
indicate that high porosity strongly reduces the K. values.
Moreover, the dependence of K. on porosity, depicted by the
calculated curves (see formula reported in Fig. 4), was found
to be much more significant than that on temperature in partic-
ular for the sample featured by high porosity values. The
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Fig. 3. Temporal evolution of temperature at different positions inside the sam-
ple irradiated on the top surface by a laser power of 49.8 W cm™; open circles
refer to experimental data, dash-dotted lines to simulation data. Sample com-
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radiant absorbance of the Ni:Ti, 1:1, 1:2, 3:1 powder mixtures
has been, on the other hand, evaluated using the thin samples
setup previously described (see Section 2.2). The signals, gen-
erated by the thermocouple during the heating and cooling
transient, have been recorded and used to calculate « by the
0-D code simulation [28]. The code simulates a volumetric
heating of the sample (thermal explosion mode). For this rea-
son, 1-D code simulations were used to determine the mini-
mum heating time for the temperature difference between
the top and bottom surfaces of the sample to be below 1%
at the ignition temperature (in this case, about 900 °C). The re-
sults, reported in Fig. 5 for various laser powers, indicate that
this condition is fulfilled for heating times above 5 s.
Experiments aimed at the estimation of the sample radiant
absorbance were performed for the two different powder
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Fig. 5. Temporal evolution of the temperature difference between the upper
and lower surface of small samples for different laser powers.
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batches (finer and coarser) and the three different stoichiome-
tries. Results are summarized in Table 1 that indicates the av-
erage value of « obtained by simulations of the heating sample
process up to the ignition temperature.

Even though it is difficult to compare radiant absorbance
results since it strongly depends on surface roughness, porosity
distribution, particle sizes, particle hardness and compression
procedure, it can be observed that a much higher « is obtained
when a shorter laser wavelength is used, as in our setup, than
those obtained by using a CO, laser system [27], previously
employed in several SHS studies. This represents a noteworthy
advantage when short ignition times are required and helps in
reducing the uncontrolled pre-heating of the reacting pellet.
In general it can be also observed that the compositions richer
in Ni have larger absorbance due to the higher rigidity and
hardness of Ni with respect to Ti which ultimately leads to
ahigher surface roughness. Surface roughness and consequently
« are also higher when coarser powders are used.

3.1. Ignition

The capability to reach the ignition condition by the react-
ing pellet is influenced both by parameters belonging to the
pellet (K., «, porosity, AH, grain sizes) and by the heating cy-
cle [31]. For that reason experiments were conducted in which
the following parameters were varied: (a) stoichiometry of the
reacting mixture (Ni:Ti, 1:1, 1:2 and Ni:Ti, 3:1), (b) particle
size of the reactants, (c) heating transient (with particular at-
tention to its final stages where temperature varies between
800 °C and the ignition temperature).

Data are reported in the following in terms of absorbed
power normalized to the relevant sample mass m:

aWow,

W = (1)

m
where « is the radiant absorbance of the sample, W, the nom-
inal power emitted by the laser and w, (90%) the transmittance
of the reactor chamber window. Pictures depicting the simplest

heating transient, where the laser power is kept constant dur-
ing the whole test, are shown Fig. 6 for a sample of

Table 1
Surface absorbance («) of pellets with different compositions and particle
sizes (C = coarse, F = fine)

Powder stoichiometry « « [29]
A=0.81 um A=10.6 um

Ni:Ti 1:1 C 0.555 0.130
Ni:Ti 1:1 F 0.523 -

Ni:Ti 3:1 C 0.660 0.110
Ni:Ti 3:1 F 0.603 -

Ni:Ti 1:2 C 0.565 0.118
Ni:Ti 1:12 F 0.510 -

Ni* 0.410 0.020
Ti* 0.485 0.150

Left column refers to the integrated laser diode system; right column refers to
a CO, laser system.
% Surface polished [37].

composition Ni:Ti, 1:1. The corresponding temperature trace,
recorded by the thermocouple holding the sample (porosity
equal to 57%) heated by a laser power of 647 W/g is shown
Fig. 7 together with the temperature simulated with our 0-D
code. After ignition (T =925 °C), the pellet temperature rises
abruptly, due to the exothermic reactions, and reaches its max-
imum value.

In Table 2 selected tests are reported to indicate the effect
of the above listed parameters on the ignition temperature, ig-
nition time, and ignition energies (for the ignition energies cal-
culation see for instance Refs. [27—30]). Moreover, the main
results can be summarized as follows.

- Ignition temperatures range between ~870 and
~1070 °C, depending on the experimental conditions,
while ignition energies vary between ~21 and ~31 kJ/
mol of atoms. Differently from several SHS reactions in-
volving metals, in which the ignition temperature equals
the melting point of the low-melting point component
[27], in the Ni—Ti system the ignition temperature is
well below the melting point of both reactants. The mea-
sured temperatures, on the other hand, approximately cor-
respond to two important features of the Ni—Ti phase
diagrams that can be addressed as responsible for the igni-
tion of the combustion reaction: maximum solubility of Ni
in B-Ti (=9 wt% of Ni in B-Ti at 942 °C) and lowest tem-
perature eutectic (942 °C) (24 at.% Ti) [38]. This is in
agreement with the DTA results reported by Biswas [31]
who identified two exothermic peaks, one at ~850 °C
and the other at ~950 °C. The low temperature corre-
sponded to solid-state diffusion reaction that preceded
the ignition, while the higher temperature one corre-
sponded to the liquid formation at the eutectic temperature
and is the main factor responsible for the sample ignition
and reaction.

The parameter that mostly affects the ignition temperature
was found to be the heating transient features. Typical
heating cycles are reported in Figs. 8 and 9, in which heat-
ing of the sample is performed by delivering the heating
power in a stepped way. As the number of steps increases
(and consequently heating times also increase) the ignition
temperatures are shifted to higher values. The increase in
ignition temperature is caused by the product formation
at the grain interface which also causes a decrease in the
following combustion energy as it partially consumes the
reactants [31]. Consequently the post-combustion exother-
mic peak (see Figs. 7—9) decreases with ignition time.
This result opens the possibility for a fine control of the
ignition and the combustion peak temperature by acting
on the laser power cycle.

Even though not investigated in a quantitative systematic
way (only two different commercial sets of powder were
used), the increase of reactant particle size was observed
to moderately (~50 °C) increase the ignition temperature.
A similar dependence was found in many other SHS sys-
tems as a consequence of the increased surface contact
area between finer reactants [27—30].
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-

Fig. 6. Photographic sequence of the ignition of small samples.

- Ni:Ti, 1:1 and Ni:Ti, 1:2 compositions were found to ig-
nite at almost identical temperatures (and energies) while
Ni:Ti, 3:1 was observed to ignite at slightly higher temper-
atures, when similar heating cycles were used. The sample
stoichiometry is indeed the most difficult variable to inter-
pret since it controls not only the reaction enthalpy but
also thermal conductivity and the radiant absorbance of
the surface (see Table 1). Indeed the similarity of the igni-
tion temperature is in support of the fact that an identical
chemical step (eutectic liquid formation) is responsible for
ignition.

Finally it was necessary to ascertain if the ignition param-
eters obtained in the thermal explosion mode on small samples
could be valid also in the case of SHS performed on conven-
tional cylindrical samples. Ignition temperature of the long
pellets was measured by placing the thermocouple on the
top surface of the pellet topped by a thin layer of graphite
powder pressed all together. In this way uniform temperature
distribution could be obtained. A typical result (sample length
13 mm, diameter 8 mm, no pre-heating process) is shown in
Fig. 10 for a reaction starting at the temperature of 920 °C;
this value is close to that obtained with the small sample in
the same experimental condition (916 °C).

3.2. Combustion synthesis

The demand for uniform morphology of the product (in
particular as far as pore size and pore size distributions are
concerned) requires a delicate control of the ignition condi-
tions in order to avoid non-uniform temperature distribution

409

within the reacting pellet, which is caused by the finite dura-
tion of the laser pulse. So far, this aspect has been largely over-
looked in the SHS literature; the ignition is actually most
frequently accomplished though an electrically heated element
which prevents a careful control of the ignition parameters.
This drawback is particularly severe when dealing with metal-
lic samples (as in our case), due the high thermal conductivity
of the pellet. Moreover, the Ti—Ni system shows a relatively
low exothermicity and therefore requires some degree of

pre-heating in order to establish steady state propagation on
the one hand, and relatively long ignition times on the other.

2000
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o 1400 - Tig =925°C
i E,, = 26.9 kd/mol ,
-~ 1200
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2 1000 -
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g s0of
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Fig. 7. Experimental (symbols) and simulation (line) temperature evolution of
a Ni:Ti = 1:1 small sample heated with a constant laser power.
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Table 2

Ignition temperature (Ty), ignition time (fy) and ignition energy (Ej,) as
a function of heating power (W), composition and particle size (C = coarse,
F = fine)

Ni:Ti W,y (W/g) g () T, (°C) E;g (kJ/moly,)
1:1C 525 4.95 916 26.4
1:1C 450-650 474 1020 30.0
L1 F 448 8.0 877 24.9
I:1F 428-571 57.2 1039 275
1:2C 432 7.60 914 26.3
12C 514-543 21.45 947 26.0
12F 690 3.02 855 24.8
12 F 395-416 23.44 890 25.1
31C 566 3.30 925 26.5
3:1C 510 5.58 997 26.6
31 F 750 2.64 925 26.5
3:1F 425 9.88 956 26.9

Pre-heating can be performed (and often in the SHS literature)
by lengthening the duration of the ignition source (either laser
or heating coils); an example of such method is reported in
Fig. 11, where the sample was pre-heated through a low power
laser pulse (40 W cm ™) for 230s and successively ignited
through a high power pulse of short duration (400 W cm ™2,
0.3 s). When pre-heating is conducted in this way fairly steep
temperature profiles build up inside the pellets. The tempera-
ture profile inside the reacting pellet generated by the laser en-
ergy absorbed during the laser shot was simulated (1-D code)
for various times as shown in Fig. 12. As a consequence, once
the reaction has ignited, both combustion temperature and
wave velocity are not constant in space as shown in Fig. 13
where the variation of the propagating front velocity (as mea-
sured by video recordings of the reaction) as a function of the
distance from the top surface is presented.

To avoid a non-uniform temperature profile within the sam-
ples a controlled-temperature profile must be properly chosen.
This was done by placing the sample inside the home-made
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Fig. 8. Experimental (symbols) and simulation (line) temperature evolution of
a Ni:Ti = 1:1 small sample heated with a two steps laser power.
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Fig. 9. Experimental (symbols) and simulation (line) temperature evolution of
a Ni:Ti = 1:1 small sample heated with a five steps laser power.

heater of Fig. 2 and increasing the whole pellet temperature
to selected values. By means of controlled pre-heating, consid-
erably shorter laser pulses can be used, which in turns, means
minimizing the temperature non-homogeneities inside the pel-
let. For instance, using a pre-heating temperature of 300 °C
and sample porosity of 50%, it was possible to ignite the sam-
ple by a laser power shot of 200 W impinging on the sample
for 0.3 s. Moreover, thanks to the pre-heating procedure steady
state propagation of the front was observed.

Finally, following this procedure, tests were carried out on
the Ni:Ti, 1:1 composition choosing different pre-heating tem-
peratures and the results relative to combustion temperature
and wave velocities are depicted in Fig. 14.

In these tests wave velocity values with an error of £5%
and temperatures with an error of £3% have been obtained.

1500
laser power 100 Wiem®
[ porosity 50%
1200 - NjiTi /11
S T, =920°C
= 900}
g
2
8
8 600 I
S L
5}
|_
300 i sample size
length 13 mm
diameter 8 mm
0 I 1 | N 1 L 1 " 1 N 1 N 1 1 1 "
0 1 2 3 4 5 6 7 8

time, t, s

Fig. 10. Experimental temperature evolution of a Ni:Ti=1:1 long sample
heated with a constant laser power.
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Fig. 11. Experimental temperature evolution of a Ni:Ti = 1:1 long sample pre-
heated from the top surface with 40 W cm 2 laser pulse for 230 s and then ig-
nited with 400 W cm ™ pulse.

As a consequence of pre-heating the measured reaction tem-
peratures (measured by pyrometer averaging the temperature
value on a spot size of 2 mm and micro-thermocouples in-
serted in the middle of the sample) are higher (~ 1450 °C)
than the calculated adiabatic temperature (1165 °C) and also
exceed the melting temperature of the NiTi (1310 °C). The
latent heat of fusion produced minimizes the effect of pre-
heating on the combustion temperature while more pronounced
is the effect on velocity. In agreement with previous literature
results [16,31] the product contained NiTi as the main compo-
nent with minor amounts of NiTi, and NisTi.

4. Conclusions

The ignition of self-propagating reactions in the Ni—Ti sys-
tem has been investigated using an integrated experimental

411

18

Ni:Ti/ 1:1
porosity = 53 %

-
(o))
|

N
>
1

propagation rate, v,, mm/s

distance, |, mm

Fig. 13. Variation of the combustion front velocity along the sample tested
under conditions reported in Fig. 11.

simulation approach. Experiments have been conducted using
an integrated laser diode system which allows to carefully con-
trol the heating process and, in such a way, to reach different
ignition conditions.

Thermal conductivity (K.(T')) and absorbance («) of the
samples with different compositions, porosities and reactant
particle sizes were measured and their values were used to
simulate thermal profiles inside the pellets and to calculate ig-
nition energies.

Ignition temperatures, times, and energies for compositions
Ni:Ti = 1:1, 1:2, and 3:1 strongly depend on the heating cycle,
while a less pronounced dependence on composition and reac-
tant particle size was observed. Minimum ignition tempera-
tures were found to correspond to the maximum solubility
of Ni in B-Ti and to the lowest eutectic (942 °C).

An experimental procedure that combines controlled pre-
heating of the sample through an external furnace and very
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| pre-heating laser power 40 Wicm® Ni:Tif:1
pre-t S ‘TilM:
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Fig. 12. 1-D simulation of the temperature profile inside the sample tested
under conditions reported in Fig. 11.
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Fig. 14. Dependence of the combustion front velocity and temperature on con-
trolled pre-heating temperatures.
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short laser shots was shown to minimize temperature gradients
inside the pellet during the heating and ignition transient. Con-
sequently, steady state propagation front with constant temper-
ature and velocity throughout the entire sample was observed,
which constitute a noteworthy improvement in comparison to
conventionally ignited reactions.
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