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The synthesis of nickel-titanium (NiTi) intermetallic composites is of considerable interest due
to the ability to create a porous material with high strength and improved wear resistance. The
effects of adding a carbon reactant to modify the reaction products and exothermicity have
been studied using two reaction stoichiometries involving elemental nickel, titanium and
carbon (graphite). The present study examines the synthesis of porous NisTi intermetallic
composites in the presence of calcium nitride or calcium carbonate gasifying agent. Both
gasifying agents show significant effects on the ignition characteristics of the reaction, burning
velocities and TiC particle sizes present in the final product, but do not affect the combustion
temperatures. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Combustion synthesis is an alternative technique for pro-
ducing advanced ceramics, ceramic composites and inter-
metallic compounds [1] and is dependent upon the ability
of a highly exothermic chemical reaction to become self-
sustaining after a short energy pulse is applied to initiate
the reaction. In general, exothermic combustion synthe-
sis reactions become self-sustaining at adiabatic temper-
atures above 1800 K and a ratio of AH(298 K) to Cp(298
K) above 2000 K [2].

Porous materials have shown promise as medical de-
vices ranging from dental implants to bone and joint
replacement implants. Materials for bone and joint re-
placement applications typically require product poros-
ity in the range of 40 to 60% and pore sizes between
200 and 500 microns [3]. Porous materials produced
using combustion synthesis have a high volume of in-
terconnected (open) pores providing space for vascular
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tissue required for continued mineralized bone growth
[4, 5]. Gasifying agents are added to the reactant stoi-
chiometry to optimize and improve the porosity of the
synthesized product without retarding the combustion
reaction.

A number of factors contribute to the porosity, pore size
and pore distribution of the synthesized product [6]. For
example, initial porosity is important due to a change in
volume between the initial reactants and the synthesized
products for a reaction that generates liquid at the reac-
tion front [7]. Particle sizes of the initial reactants provide
volume for conversion into pores during the combustion
reaction by affecting the packing density [8, 9]. Con-
vective flow of gas through the combustion front due to
steep temperature gradients play a role in pore formation
within the product [10]. Finally, addition of a gasifying
agent to the combustion reaction can increase the pres-
sure within the reaction zone resulting in the formation or
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TABLE I Physical and thermodynamic properties of the reactants and

products

Element/ Melting/Boiling  Density Particle Impurity
Compound point (°C) (kg-m’3) size (um) (%)

Ni 1453/2730 8900 <44 <0.1
Ti 1668/3260 4540 <44 <0.002
C (graphite) 3650/ 2260 <44 <0.5
CazNp —/1195* 2630 <44 <0.1
CaCOs3 —/800* 2930 <44 <0.5
NiTi 1310/—— 6941 — —

TiC 3065/—— 4940 — —

TiN 2950/— 5400 — —

*Decomposition temperature.

suppression of pores, depending on the type of agent se-
lected [11]. The current investigation seeks to document
the last of these factors with two novel gasifying additives,
calcium nitride (Ca3N,) and calcium carbonate (CaCOs3).
All of the aforementioned factors have significant advan-
tages and/or disadvantages over the combustion synthesis
process. The effects of the gasifying additives on the final
product porosity, bulk density and pore size are presented
in a subsequent paper [12].

2. Experimental materials and methods

Two chemistries within the Ni;Ti-TiC system were ex-
plored designated as TiC-30wt% NisTi and TiC-50 wt%
Ni3Ti. The chemistries were combined with a varying
amount (z) of calcium nitride (CazN,) or calcium car-
bonate (CaCOs3) gasifying agent in an inert argon envi-
ronment as specified by the reaction systems provided in
Equations 1 and 2.

xNi+ (x + y + 22)Ti + yC + zCa3zN,

xNi+ (x + y)Ti + yC + zCaCO;

= xNiTi + yTiC 4 zCaO + zCO,(g) 2)

Elemental and CaszN, powders were obtained from
Cerac, Inc. (Milwaukee, WI) while the CaCO3; powder
was obtained from Alfa Aesar Inc. (Ward Hill, MA). Typ-
ical physical and thermal properties of the reactants and
products are provided in Table I. The adiabatic tempera-
ture of the chemistries with no gasifying additive and as-
suming formation of equi-atomic NiTi and stoichiometric
TiC is 2965°K and 2564°K for the TiC-30 wt% NisTi and
TiC-50 wt% Ni3Ti, respectively.

Reaction stoichiometries were prepared maintaining
the amount of Ni3Ti intermetallic present in the synthe-
sized product and the amount of gas produced from the
gasifying agent. The refractory phase and decomposition
product varied for differing amounts and type of gasifying
agent. Three amounts of gasifying agent were investigated
in addition to samples reacted with no gasifying agent.
Amounts of 0.012, 0.025 and 0.036 wt% Cas;N, were
added to the chemistries corresponding to 1 wt%, 2 wt%
and 3 wt% of calcium gas evolution during the reaction,
respectively. Amounts of 0.22, 0.45 and 0.66 wt% CaCO3
gasifying agent were added to the chemistries correspond-
ing to 1 wt%, 2 wt% and 3 wt% CO, gas evolved during
the reaction, respectively. Powder and sample preparation
techniques for these chemistries have been documented
elsewhere [13]. The initial relative density of each sample
was determined as the actual sample density divided by
the theoretical density of the chemistry. Actual density
was determined by dividing the mass of the sample by the
sample volume. Theoretical density was determined as the
summation of the individual reactant weights multiplied
by the individual reactant density. Each sample had an
approximate initial relative density of 30% allowing for
the maximum amount of available volume to be converted

= xNiTi 4 yTiC 4 2zTiN 4 3zCa(g) (1)  into pores.
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Figure I Combustion and ignition temperatures as a function of wt% gasifying agent.
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Figure 2 DSC analysis for TiC-30 wt% Ni3Ti and increasing amounts of
CaCOs gasifying agent.

Each sample was placed in a combustion chamber on
a tungsten resistance heater for ignition. The chamber
was vacuumed and purged with argon three times
maintaining an ambient chamber pressure of 101.33 kPa.
Approximately 69 Amperes were supplied to the tungsten
resistance heater by a XFR 70/40 power supply (Xantrex
Technologies, Burnaby, BC). Two 0.127 mm type C
thermocouples were placed at the midpoint of the sample
to measure combustion temperature. A PX105 0-50 psig
pressure transducer was used to measure the relative
pressure rise of each experiment (Omega Engineering,
Stamford, CT). All data was collected at 200 Hz per
channel (i.e. 0.005 sec response time) through a DAQ pad
1200 (National Instruments, Austin, TX) using a desktop
computer. A Canon XL1 3CCD digital video camcorder
was employed to record the combustion wave and reactant
consumption of each experiment. Tracker 3 software [14]
was utilized to track the combustion wave and obtain a
moving average burning velocity of the reaction.

Chemical and phase analysis was conducted using a
Phillips X’Pert x-ray diffraction (XRD) diffractometer
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Figure 3 DSC analysis for TiC-30 wt% Ni3Ti and increasing amounts of
Ca3N; gasifying agent.
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Figure 4 DSC analysis for TiC-50 wt% Ni3Ti and increasing amounts of
CaCOs gasifying agent.
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Figure 5 DSC analysis for TiC-50 wt% Ni3Ti and increasing amounts of
CazNj; gasifying agent.

with copper radiation. Scans were taken from 30° to 80°
26 at a scan speed of 0.0150°-sec™! and 0.0125°-sec™!
for the TiC-30 wt% Ni3Ti and TiC-50 wt% Ni;Ti, re-
spectively. A FEI Quanta 600 environmental scanning
electron microscope (ESEM) was employed to take pho-
tomicrographs. Ignition and kinetic characteristics of the
chemistries were examined using a NETZSCH DSC 404
differential scanning calorimetry (DSC) analyzer. A small
amount of reactant powder (~10 mg) was placed in an
Al,O3 crucible and heated from 20°C to 1500°C at 40
K-min~!. Endothermic and exothermic peaks were ob-
served and analyzed using NETZSCH software that ac-
companies the machine.

3. Results and discussion

3.1. Combustion synthesis analysis

Between five and ten measurements were used to
determine combustion temperature, relative pressure rise
and burning velocity. The data points for Figs 1, 6 and
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Figure 7 Burning velocity as a function of wt% gasifying agent.

7 are average values with the error bars representing the
standard deviation of the sample set.

The maximum combustion temperatures recorded
by the thermocouples and the ignition temperatures
determined from DSC analysis are presented in Fig. 1.
Data points presented for ignition temperature are onset
values of the first exothermic peak observed from DSC
analysis. The combustion temperature of the reactions
is not affected by the addition of a CaCO; (CaCO; —
CaO + CO,; AH(298 K) = 178 kJ-mol™!) or Ca3N,
(CasN, — 3Ca + Nj; AH(298 K) = 964 kJ-mol~')
gasifying agent. There is a slight increase in combustion
temperature for the TiC-50 wt% Ni;Ti with increasing
amounts of CaCOj as a result of the thermal properties
of the carbon dioxide [10] decomposition product
and higher thermal diffusivity of the reactant mixture
(Table D).
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The reaction kinetics is affected by the addition of
CaCOj; gasifying agent. Ignition temperatures increased
for both chemistries as the amount of CaCO5; was in-
creased in the reactant mixture. This suggests that CaCOj3
acts as a heat sink and results in the formation of in-
termetallics that are no longer the ignition mechanism.
Rather decomposition of CaCOj3 into CO, followed by
dissociation of CO, into CO, i.e. the more stable of the
gases in the presence of carbon (graphite), provides a
“trigger” reaction in the form of TiO, [10]. The highly
exothermic trigger reaction locally melts the nickel and
titanium reactants that spread over the graphite particles.
Capillary flow of molten titanium over graphite results in
a dissolution-precipitation mechanism as carbon diffuses
into titanium [15]. The reaction becomes self-sustaining
as a result of the latter reaction mechanism. DSC data
are presented in Fig. 2 for the TiC-30 wt% Ni3Ti and
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Fig. 4 for the TiC-50 wt% Ni;Ti with the CaCOj3 gasifying
agent. The intermetallic exotherm [10] becomes smaller
and shifts to the right for increasing amounts of CaCO;
gasifying agent. In addition, the second exotherm shifts to
the right, representing a higher ignition temperature, and
becomes more negative, representing a greater energy re-
lease from the reactant mixture. An endotherm represent-
ing the solidification temperature of NiTi (1310°C) [16]
becomes evident as more CaCOj3 gasifying agent is added.
The formation of NiTi results from the slow heating rate
(40 K-min~!) employed and the slow evolution of gas
during DSC analysis that disrupts molten titanium flow to
the TiC nucleation sites. Thus, less titanium reacts with
graphite promoting the formation of equi-atomic NiTi.
The DSC ignition analysis for the TiC-30 wt% NisTi
and TiC-50 wt% Ni3Ti with CazN, gasifying agent are
presented in Fig. 3 and Fig. 5, respectively. There is no
shift in the secondary reaction exotherm, but rather only
dissipation of the intermetallic exotherm as the gasify-
ing agent is increased. Similar to results observed with
the CaCOj gasifying agent, decomposition of CazNj into
calcium and nitrogen gas results in a “trigger” reaction
taking on the form of TiN [10]. The highly exothermic
TiN reaction (T,g = 4909 K) locally melts the nickel

and titanium reactants inciting a dissolution-precipitation
reaction mechanism between the molten titanium and
graphite particles. Opposite to the CaCOj5 gasifying agent,
the CasN, gasifying agent demands energy from the sys-
tem to decompose, but returns energy to the system from
the formation of TiN. Thus, only slight increases for ig-
nition temperature are detected for the CazN, gasifying
agent while larger increases are observed for the CaCOs.
Relative pressure rise as a function of weight percent
gasifying agent is provided in Fig. 6. Relative pressure rise
increased with increasing amounts of gasifying agent in-
troduced into the TiC-30 wt% Ni3 Ti. The CazN, additive
exhibited a greater relative pressure rise than the CaCOj.
This is expected as decomposition of one mole of CazN;
additive yields three moles of calcium gas to only one
mole of CO; gas produced from one mole of CaCOs3 ad-
ditive. The volume of the combustion chamber is constant
for both reactions and there is minimal variation in com-
bustion temperature observed in Fig. 1. A similar trend is
observed for the TiC-50 wt% Nis Ti. However, the TiC-50
wt% Ni3Ti relative pressure rise for the CaCOj; additive
is closer to the Ca3;N, additive for additions greater than
0.045 wt% CaCOs3. The similarity results from increased
combustion temperatures for these reactions provided in
Fig. 1, thereby increasing the relative pressure rise.
Burning velocity as a function of weight percent gasi-
fying agent is provided in Fig. 7. The burning velocity
trends are expected for the TiC-30 wt% Ni3Ti. Burning
velocity increased for increasing amounts of CazNj
gasifying agent added to the chemistry. This is attributed
to the evolution of nitrogen during the reaction and the
addition of TiN to the reaction products subsequently
increasing the reaction exothermicity. Burning velocity
decreased for increasing amounts of CaCO; added to the
system attributed to the energy required to decompose the
gasifying agent with no additional exothermic product
formation. The CaO becomes a heat sink in the reaction
product while the CO, (CO) increases pore formation.
The TiC-30 wt% Ni;Ti has a lower thermal diffusivity
than the TiC-50 wt% NizTi resulting in less heat
transferred ahead of the reaction front and lower burning
velocities. The TiC-50 wt% NisTi burning velocity in-
creased for increasing amounts of both gasifying agents.
The CazN, gasifying agent increases the exothermicity

Figure 9 SEM photomicrographs of TiC-30 wt% Ni3Ti with (a) 0.022 wt%, (b) 0.045 wt% and (c) 0.066 wt% CaCOs3 gasifying agent (Scale = 5.0 um).
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Figure 10 XRD profiles for TiC-30 wt% Ni3Ti with Ca3 N, gasifying agent.

of the reaction due to the formation of TiN similar to the
TiC-30 wt% Ni3Ti. However, the CaCOj3 gasifying agent
has an opposite trend compared to the TiC-30 wt% NisTi.
The TiC-50 wt% Ni3Ti has a higher thermal diffusivity
than the TiC-30 wt% Ni;Ti that conducts more heat ahead
of the reaction front. Less carbon (graphite) is present
in the TiC-50 wt% NisTi causing less dissociation of
CO; into CO. Thus, the CO, contributes to heat transfer
ahead of the reaction front aiding in pre-heating of the
reactants and increasing the burning velocity as more
CO; is evolved from the gasifying agent (CaCO3).

4. Microstructure analysis

XRD profiles for TiC-30 wt% NisTi with CaCOj3 gasify-
ing agent are provided in Fig. 8. The profiles in Fig. 8 are
normalized against the 0.022 wt% CaCO; gasifying agent
profile that produces the highest intensity TiC peak. The
TiC peak intensities decrease and minimally shift to the
left for increasing additions of CaCOj gasifying agent.
Observation of the XRD figures shows that the main con-
stituent of intermetallic produced from these reactions
is Ni3Ti. Formation of a nickel rich intermetallic is the
result of substoichiometric TiC production. This effect
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Figure 12 XRD profiles for TiC-50 wt% Ni3Ti with CaCO3 gasifying
agent.

has been observed with reactions containing no gasifying
agents because substoichiometric TiC formation was not
anticipated [10, 13]. The presence of excess nickel (i.e.
>5 wt%) in the final product is detected for increasing
amounts of CaCO; gasifying agent. The burning veloc-
ity of the reaction decreases as the amount of CaCO;
gasifying agent is correspondingly increased. The cool-
ing rate of the sample increases [17] allowing the TiC
particles to grow via Ostwald ripening [18] resulting in
larger TiC particles. Greater additions of CaCO; gasifying
agent result in greater amounts of CO, gas evolved from
the system. The TiC-30 wt% NisTi contains a high per-
centage of carbon (graphite) in the reactant mixture (i.e.
14 wt%). Previous discussion stated that CO is more sta-
ble at elevated temperatures than CO; in the presence of
carbon. As a result, some of the carbon from the reactant
mixture will combine with free oxygen from the dissoci-
ation of CO, into CO. More carbon is removed from the
reactant mixture as the amount of CaCO; gasifying agent
is increased. The increased CO, (CO) disrupts molten ti-
tanium flowing to the TiC nucleation sites via capillary
flow. Both of these mechanisms, i.e. less titanium supply
to the TiC nucleation sites and removal of carbon from the

Figure 11 SEM photomicrographs of TiC-30 wt% Ni3Ti with (a) 0.012 wt%, (b) 0.025 wt% and (c) 0.036 wt% Ca3N, gasifying agent (Scale = 5.0 um).
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Figure 14 XRD profiles for TiC-50 wt% Ni3 Ti with Ca3 N gasifying agent.

system in the form of CO, result in a more stoichiometric
TiC phase, explaining the shift of the TiC peaks to the left
as the amount of CaCO; added to the system is increased.

SEM photomicrographs are presented in Fig. 9 for the
0.022 wt%, 0.045 wt% and 0.066 wt% CaCO3 gasifying
agent with the TiC-30 wt% NisTi. These photomicro-
graphs show the difference of TiC particle structure as the
amount of gasifying agent is increased. Specifically, the
TiC particles become less spherical in nature and more in-
termetallic phase (light gray) is observed. Less spherical
TiC grains suggest a carbon diffusion mechanism rather
than a carbon dissolution-precipitation mechanism that re-
sults in spherical TiC particles [19, 20]. This mechanism
was also suggested from analysis of the XRD profiles
provided earlier.

XRD profiles for TiC-30 wt% NisTi with CazN, gasi-
fying agent are provided in Fig. 10. The profiles in Fig. 10
are normalized against the profile with no gasifying agent
that produces the highest intensity TiC peak. TiC peak
intensity decreased with increasing amounts of CazN,
gasifying agent but there was no observable shift in the
location of the TiC peaks. TiN peaks overlap with TiC
peaks, but trace amounts of TiN in the microstructure are

[T =
1 = ST

present based on kinetic analysis and discussion provided
earlier. Trace amounts of nickel are also observed in the
XRD profiles. The amount of NizTi (as a result of sub-
stoichiometric TiC formation) increased with increasing
CasN, gasifying agent.

SEM photomicrographs of the 0.012 wt%, 0.025 wt%,
and 0.036 wt% CasN, gasifying agent added to the TiC-
30 wt% NisTi chemistry are presented in Fig. 11. These
photomicrographs do not reveal differences on the TiC
structure when compared to the CaCO; additive. This re-
sults from calcium gas having less of an impact on the
molten titanium. Decomposing calcium and nitrogen gas
does not remove any carbon from the reactant mixture.
The TiC particle size decreased while the number of par-
ticles increased as the amount of Ca3;N, gasifying agent
was increased. Burning velocity increased with increas-
ing amounts of CasN, effectively decreasing the cooling
time of the sample. The decreased cooling time results in
less Ostwald ripening and smaller TiC particles that are
greater in number.

XRD profiles for TiC-50 wt% NisTi with CaCO; gasi-
fying agent are provided in Fig. 12. Profiles in Fig. 12
are normalized against the 0.066 wt% CaCOs; gasifying
agent profile that produces the highest intensity TiC peak.
The intensity of the TiC and Ni;Ti peaks increased with
increasing amounts of CaCOj; gasifying agent. No shift
in the TiC peaks was observed as a result of decreased
carbon content (i.e. 10 wt%) with the TiC-50 wt% Ni;Ti.
The decrease in reactant carbon and the lower combustion
temperatures permit the CO, to remain stable rather than
dissociating into CO. There are trace amounts of CaO
decomposition product and nickel in the XRD patterns.

SEM photomicrographs of the 0.022 wt%, 0.045 wt%,
and 0.066 wt% CaCOj; gasifying agent added to the TiC-
50 wt% Ni3Ti are presented in Fig. 13. The photomicro-
graphs show larger TiC particles as the amount of CaCO;
additive is increased. An increase in the amount of inter-
metallic (Ni3Ti) is also observed for increasing amounts
of gasifying agent. Burning velocity for the TiC-50 wt%
Ni3Ti with CaCOj; increased for increasing amounts of the
gasifying additive. This should result in decreased cooling
time, less Ostwald ripening and smaller TiC particles. This
is clearly not observed in the SEM photomicrographs. The
thermal diffusivity of the TiC-50 wt% Ni;Ti along with
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Figure 15 SEM photomicrographs of TiC-50 wt% NizTi with (a) 0.012 wt%, (b) 0.025 wt% and (c) 0.036 wt% CazN; gasifying agent (Scale = 5.0 pm).

the thermal properties of the stable CO; play a role in the
cooling time of the sample that is effectively increased,
as observed from the SEM photomicrographs, for this
chemistry and gasifying additive.

XRD profiles for TiC-50 wt% Ni3 Ti with CazN; gasify-
ing agent are provided in Fig. 14. The profiles in Fig. 14
are normalized against the 0.012 wt% CasN, gasifying
agent addition that produces the highest intensity TiC
peak. The TiC peak intensity decreased with increasing
amounts of CazN, gasifying agent. The NizTi peak in-
tensity does not vary with increasing amounts of CazN,
gasifying agent. Trace amounts of CaO resulting from the
calcium gas oxidizing after the combustion chamber is
opened are observed. In addition, trace amounts of nickel
and carbon are observed in the XRD patterns as a result
of titanium reaction with nitrogen gas.

SEM photomicrographs of the 0.012 wt%, 0.025 wt%,
and 0.036 wt% Ca3N, gasifying agent added to the TiC-50
wt% Ni3Ti chemistry are presented in Fig. 15. The pho-
tomicrographs show a decrease in TiC particle size with
an increase in the number of TiC particles present as the
amount of Ca3Nj additive is increased. These photomicro-
graph observations are in correlation with the increased
burning velocity of the reaction that results in decreased
cooling time and minimized Ostwald ripening effects.

5. Conclusions

The following conclusions were reached through investi-
gations for the TiC-30 wt% Ni3Ti and TiC-50 wt% NizTi
with CaszN, and CaCOj; gasifying agents:

e Addition of CazN; and CaCOj; gasifying agents does
not affect combustion temperature of the combustion
synthesis reaction.

e Ignition characteristics and burning velocities of the
combustion reactions are affected by the addition of
CazN; and CaCO; gasifying agents.

e The substoichiometric nature of TiC promotes for-
mation of Ni3Ti intermetallic rather than NiTi. The
gasifying additives affect the burning velocities of the
reactions and therefore the cooling rate of the sam-
ples. The combustion temperature and cooling rate
determine the size and number of the TiC particles in
the product microstructure. Trace amounts of CaO,
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nickel and carbon are observed in the product mi-
crostructure as a result of TiN and TiO/TiO, trigger
reactions.
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