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A dynamic, finite-difference model evaluation of titanium carbide (TiC) ceramic processing by
self-propagation high-temperature synthesis (SHS) has revealed that material and process
parameters have a significant influence on SHS reaction propagation kinetics. Examination of
the effects of Ti: C stoichiometry variations and the presence of pre-reacted TiC diluents in

the initial (Ti + C) reactant powder mix indicates that off-stoichiometric ratios and dilution
additions tend to lower SHS reaction velocities. Increasing compact preheat temperatures,
lowering powder particle sizes and raising compact packing densities, on the other hand,
cause a significant increase in this reaction variable. Model results are supported by experi-
mental studies on dilution, stoichiometry and preheat temperature effects on SHS velocity, and
other literature data on packing density and particle size effects on this parameter. Simulations
also suggest that effects of these initial conditions are due to their influence on adiabatic reac-
tion temperatures and heat transfer patterns produced during the process. Critical selection of

initial material and process conditions thus appears to be of vital importance during SHS

processing of TiC ceramics.

1. Introduction

Self-propagating high-temperature synthesis (SHS) is
a relatively recent, economical and energy-efficient
process used for the preparation of structural ceramic
and intermetallic materials and composites [ 1-5]. The
SHS method involves initiating a self-sustaining exo-
thermic chemical reaction between constituent ele-
mental powders, which self-propagates to yield the
(reaction compound) product phase. Compacts pre-
pared by SHS can, however, contain as high as 50%
porosity and extensive cracking due to the initial
porosity within the green compact, expansion of the
compact during reaction, violent gas expulsion during
the chemical reaction and rapid cooling of the com-
pact through the ductile-brittle transition temper-
ature of the ceramic or intermetallic phase [6]. A
second-stage consolidation method is, thus, often used
in conjunction with the SHS method to prepare high-
density, crack-free products [6-8].

One of the important considerations in preparing
high-quality products during SHS is the ability to
understand and control reaction characteristics
through suitable selection of material and process
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parameters prior to processing [1, 2]. This is critical
because tailoring of SHS reaction conditions can be
a key to obtaining desired properties of the reaction
product, which may contribute towards better pro-
cessing of the final ceramic or intermetallic compon-
ent. For example, in several intermetallic-forming
SHS systems (Ni—Al, Ni-Ti, Ti-Si), the initial reactant
powder mixture needs to be preheated within a fur-
nace to even initiate the SHS reaction and form the
desired intermetallic [1, 2, 9-11]. In other situations,
where the reaction between the constituent elements is
extremely violent, control of the SHS reaction may
be sought through dilution [12-147, stoichiometric
changes, powder morphology changes [15, 16] and
other methods [17]. The selection of these initial
material and process variables does, however, require
a fundamental understanding of the effect of the se-
lected parameter, with respect to the desired final
condition of the product. This is not often easy given
the possible combinations of initial parameters, the
requirement of precise control of the reaction and the
complexity of some material systems such as com-
posites.
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While experimental solutions can be developed to
select desired initial material and processing condi-
tions during SHS [12-17], they are expensive and not
versatile. Instead, a quantitative and fundamental un-
derstanding of SHS can be better evaluated through
resort to predictive models based on the mechanisms
involved in the process [18-23]. In this work, a dy-
namic, finite-difference heat flow model developed to
examine the effects of material and process parameter
effects on SHS peak temperatures and reaction velo-
cities is described. The model is essentially an exten-
sion of previous efforts on heat flow simulation of SHS
[20, 21, 23], and assumes reaction kinetics and dif-
fusion processes to have a minor influence on the
reaction synthesis phenomena. Predictions were de-
veloped to simulate the effects of initial dilution levels,
stoichiometric ratio, preheat temperature, particle size
and packing density on SHS of TiC. Model per-
formance was evaluated through suitably designed
experimental studies, and other available literature
data.

2. Analytical methods and experimental
techniques

2.1. Dynamic modelling of SHS

In previous work [23] the SHS set-up was modelled
by a two-dimensional mesh based on the cylindrical
geometry of the Ti-C powder compact and surround-
ing fixtures (Fig. 1a). The logic of computations that
were used to predict peak reaction temperatures and
SHS reaction velocities are described in the flow chart
of Fig. 1b. The model initially computed the peak
temperature of the reaction, T,4, by assuming adia-
batic conditions for the reaction through the relation

[13]

To
where AH is the heat of reaction (Jmol '), C, is the

(molar) heat capacity of the product phase
(Jmol™! K1), dT is the temperature step used in the
integration process and T}, is the initial temperature of
the reactants (K). A variable cell size, multiple material
two-dimensional mesh was then developed, and the
maximum allowed time-step to avoid numerical in-
stability calculated, through user-specified dimensions
and material properties [24-27]. The reaction was
“ignited” by assuming the top cell of the (powder)
compact 0 be at the peak reaction temperature. Heat
flow initiated between individual cell boundaries pre-
heated subsequent (powder) cells towards the ignition
temperature of the reaction. The temperature change
AT in time At within an individual cell was computed
by considering conductive heat exchange of the cell
with its (n = 4) nearest neighbours (see Fig. la), which
as a first approximation assumes convective and
radiative heat transfer to have a minor influence on
the heat flow solution. The solution computes AT /At
through the relation [26]

AT  n=% T, — T,
A v ";kA Al
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where C, 1s the specific heat capacity of the cell
(Jkg 'K ™Y), k is the composite thermal conductivity
of the cell and the neighbour with which heat is being
exchanged (Wm ™! K1) [21], 4 is the area through
which heat flow occurs (m?), T, is the temperature of
neighbouring cell (K), T, is the initial temperature of
the cell (K) and Al is the distance between cell and
neighbour (m). Preheated (powder mix) cells which
reached the ignition temperature of the reaction were
instantaneously converted to the (reacted) product at
the adiabatic reaction temperature, which considers
that heat transfer, rather than chemical reaction or
diffusion kinetics, is the rate-limiting step in the SHS
process. The reaction propagated in a wave-like
manner to completion, resulting in the (reacted) prod-
uct phase. Temperature histories for selected cells and
times were obtained as output from the software.
Reaction velocities were computed based on the time
to ignite two specifically located (powder) meshes
maintained at a fixed distance in the mesh design.

Modifications to account for material and process
parameter effects on SHS were developed by consider-
ing the effects of these variables on the peak adiabatic
reaction temperature and the heat transfer rate
(Fig. 2). An unfixtured Ti-C powder compact was
assumed in the process and the two-dimensional sys-
tem was converted to a simple one-dimensional situ-
ation through selection of a 40x 1 mesh array of
powder size cells. The cell size was typically 50 um,
unless mentioned otherwise, which yielded a time step
in the range of 1073-107%s for the heat flow calcu-
lations.

The effects of dilution, stoichiometric ratio, preheat,
packing density and particle size on SHS of TiC were
modelled in this work. Dilution effects on SHS were
simulated by considering the addition of 0-50% inert
(pre-reacted) TiC diluent to the reactant mixture and
modelling its influence on the peak temperature and
subsequent heat transfer. Since the diluent does not
participate in the reaction, it spreads the heat of
reaction AH over a larger mass of product (TiC) phase
and alters the SHS processing characteristics. Ti:C
stoichiometric ratios varying from 1:1 to 1:0.5 were
also modelled to dilute the reaction heat by leaving
unreacted titanium within the product TiC. Stoichio-
metric ratio variations, in addition, further reduced
the AH value due to the reaction of smaller molar
fractions of reactant powders. Preheating from room
temperature to 1000°C was modelled to raise the
initial compact temperature by adding (external) heat
to the reaction process, and also to affect the heat
transfer by altering the temperature of the individual
cells, 7,, undergoing heat transfer. Packing density
and particle size were, however, simulated only to alter
the heat transfer characteristics. An increase in pack-
ing density P was considered to result in an increase in
the mass density p of individual cells, as also the
perpendicular and parallel {to compaction direction)
thermal conductivity values of the cell given by [20]

k, =

9.12B%* Wm 'K

Wm 1K™ !

i

kg = 343p>7
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Figure 2 Heat flow and adiabatic temperature modifications used
to account for material and process parameter effects on SHS. Note
that the SHS front and heat flow calculations only consider two
neighbouring cells due to the modified 40 x 1 two-dimensional mesh
array used in this work.

Particle size was, on the other hand, modelled
by assuming the mesh size to be that of the powder
dimension.

2.2. Experimental evaluation of model
performance

Model performance was evaluated through experi-
mental verification of dilution, stoichiometric ratio
and preheat temperature effects on SHS of TiC, while
other available literature on this system was used to
evaluate the predictions of packing density and par-
ticle size effects on the process. The parameter meas-
ured during the experiment was the SHS reaction
velocity, which was compared with similar predictions
of reaction propagation kinetics obtained from the
model.

Measurement of dilution and stoichiometry effects
on SHS was carried out using the experimental set-up
shown in Fig. 3a. Titanium (44 pm), graphite (2 pm)
and pre-reacted titanium carbide (44 pm) powders
were weighed to yield the desired stoichiometric ratios
(1:1to0 1:0.5 Ti:C) and dilution levels (0-50 wt %). The
powders were mixed in a V-blender, and compacted
to about 50-55% in 205 mm long, 7 mm diameter
plastic straws. Loose Ti—C ignition powder was placed
at one end of the compact, into which was inserted an
electric match ignition system. The reaction was
initiated by igniting the electric match within the loose
powder mixture. Once ignited, the reaction self-propa-
gated through the entire compact resulting in the TiC
product. The velocity of reaction propagation was
measured using two Chromel-Alumel thermocouples
placed 68.3 mm apart within the centre of the com-
pact. When the reaction wave passed each thermo-
couple, a spike corresponding to the shorting-out of
the thermocouple was registered on a temperature—
time chart recorder. The distance between the thermo-
couples and the time between temperature spikes
yielded the SHS reaction velocity.

The experimental system for measuring preheat
effects on SHS velocity was similar to that described
above, though the set-up was a little more complex
(Fig. 3b). Powders of titanium (44 pm) and graphite
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(2 pm) were weighed in 1:1 stoichiometric ratios, and
mixed in a V-blender system. The powders were
packed to about 50-55% density as 125-150 mm
long, 10.5 mm diameter rods using an isostatic com-
paction press, rather than plastic straws, due to the
limitation of using the latter within the tube furnace.
The ignition system used was a tungsten filament
igniter placed within a loose, Ti—C powder mixture as
the electric match system was unstable at high furnace
temperatures. The compact and ignition system were
placed in a sealed tube furnace and argon flow was
initiated from one end, while ensuring a positive pres-
sure of the gas at the other end. The argon was
required to avoid nitridation of the powders, which
was seen to occur at higher preheat temperatures. The
sample was slowly heated to the preheat temperature
and the reaction was ignited using the tungsten fila-
ment wire. Once ignited, the reaction propagated
through the compact resulting in titanium carbide
product, and the velocity was measured by recording
spikes from thermocouples placed 50 mm apart at the
centre of the compact. Initial preheat temperatures for
which reaction velocities were measured varied from
room temperature to a maximum of 1000 °C.

3. Results and discussion
3.1. Dilution and stoichiometry effects

on SHS
Simulation of dilution effects on the peak SHS reac-
tion temperature indicated that an increase in the pre-
reacted TiC diluent from 0 to 50% resulted in a
consistent lowering of the adiabatic reaction temper-
ature (Fig. 4). This reduction in the adiabatic temper-
ature is expected, since the diluent phase is similar to a
heat sink, and distributes the heat of reaction to heat
both the TiC formed during the reaction and the
diluent TiC. The predicted value of adiabatic temper-
ature of 3200 K for undiluted reactant mixtures, and
the lowering temperature trend with increasing dilu-
tion, are in general agreement with measurements and
predictions developed by Holt and Munir [13]. A
predicted adiabatic temperature value of 1800 K at
50% dilution level was also noted as unusual, since
this value is lower than that of the ignition temper-
ature of 1940 K for the Ti—C SHS reaction.

The lowering of the adiabatic reaction temperature
with dilution results in a continuous decrease in the
velocity of the SHS reaction due to the slower rates of
heat transfer with lower peak temperatures. This re-
duction in propagation velocity with dilution is illus-
trated in predictions of temperature-time profiles
from two fixed cell locations (Nos 15 and 25, 0.5 mm
apart) for 0, 10 and 30% diluent levels (Fig. 5). The
plots from the two cells for each dilution level shows
an initial slight increase in temperature with time
corresponding to the pre-ignition period. Once the
reaction within a cell is ignited, a thermal spike to the
adiabatic reaction temperature is developed, and
rapid cooling of the cell occurs. The stabilization in
the temperature gradient after the cooling period ap-
pears to be due to heat transfer back from sub-
sequently reacting cells and a limitation of the ignition
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Figure 4 Dilution effects on the adiabatic temperature, indicating
a consistent lowering of this peak temperature with a continuous
increase in the pre-reacted TiC diluent addition.

system used in this work [23]. A systematic shift in the
thermal profiles to longer times, an increase in time
between thermal spikes for the two cells and lower
adiabatic temperatures with dilution are all indicative
of the slower reaction propagation caused by dilution.

Retardation of reaction propagation kinetics with
increasing dilution to 30% is also indicated in a plot of
SHS velocity versus dilution level (Fig. 6). The velo-
city for undiluted mixtures was noted to be more than
double that of 30% dilution, decreasing from about 10
to 4mms~! for these levels. No reaction at 50%
dilution was also predicted by the algorithm. This was
because the low adiabatic reaction temperature for
50% dilution addition (1800 K) is well below the
ignition temperature of the Ti—C reaction (1940 K),
which does not aliow the reaction to be self-sustaining
in nature. Experimental observations of no reaction at
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Figure 5 Tllustration of reduction in propagation velocity with dilu-
tion through temperature-time profile predictions from two fixed
cell locations (Nos E15 and E25, 0.5 mm apart) at (a) 0, (b} 10 and
(c) 30% diluent levels: (——) E15, (-~—-) E25.

this dilution level, and measured reaction velocities of
8 to 2mms~ ! for 0-30% dilution, in fact indicate
excellent qualitative and quantitative agreement with
trends predicted by the model (Fig. 6). This trend is
also in good agreement with observations made by
Kottke et al. [12] and other Russian literature,
as illustrated in the review paper by Munir and
Tamburini [1].

The initial stoichiometric ratio of Ti:C is predicted
to have an effect on adiabatic temperature and reac-
tion velocities, as observed for dilution (Fig. 7). The
decrease in these variables was due to a lowering of the
heat of reaction caused by smaller amounts of reacting
powders and the presence of unreacted powder
diluents within the final product phase. The maximum
adiabatic reaction temperature predicted was 3200 K
for a 1:1 Ti:C ratio, which fell to a little above 2000 K
for a reactant ratio of 1:0.5. Corresponding velocity
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Figure 6 (@) Predicted and (A) experimental measurements of
dilution effects on reaction propagation kinetics, showing a decrease
in velocity with increasing dilution to 30%, and absence of reaction
at 50% dilution.
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Figure 7 Influence of initial powder stoichiometric ratio on
(a) predicted adiabatic temperature and (b) (®) predicted versus
(@) measured SHS reaction velocity for 1:1 to 1:0.5 Ti:C ratios.

values were noted to continuously decrease from 10 to
about | mm s~ ! for stoichiometric versus off-stoichio-
metric conditions. The simulation of reaction velocity
again showed good agreement with experimental
measurements of this parameter made in this work,
though the predicted trend of velocity decrease with
off-stoichiometry conditions was sharper than that
observed experimentally.



3.2. Preheat temperature effects on SHS
Preheat was modelled to accelerate the SHS reaction
propagation kinetics through the temperature range
from ambient to 1000 °C. This acceleration in reaction
propagation with initial compact temperature is best
illustrated in a plot of SHS velocity versus preheat
temperature, as shown in Fig. 8. The figure illustrates
that the velocity increases from 10 mms~! at room
temperature to 25 mms~* at 1000 °C. The simulation
shows excellent agreement with experimental meas-
urements of increasing velocity from 8 to about
20mms ™! up to 850 °C, though a sharp decrease in
velocity to 15 mms™! measured at 950 and 1000 °C
shows a poor match with the predicted trends
(Fig. 8).

The increase in SHS reaction velocity with pre-
heating to 200°C was modelled to be caused by
a combined effect of increased adiabatic temperature
(3200-3290 X)) and increased initial cell temperature
due to preheating (Fig. 9). Beyond 200 °C the adia-
batic reaction temperature was predicted to be con-
stant at 3290 K, which is the melting point of TiC, and
only an increase in the melt fraction from 0 to 60%
was modelled to occur with further preheating to
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Figure 8 Preheat effects on acceleration in (#) predicted and
(M) measured SHS reaction propagation velocity.
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Figure 9 Influence of preheat on predicted values of ( x ) adiabatic
reaction temperature and (@) product TiC melt fraction for preheat
temperatures from room temperature to a maximum of 1000 °C.

1000 °C. The increase in velocity measured from 200
to 850 °C thus appears to be only due to an increase in
the initial cell temperature, though the melt may also
provide a contribution to the change in the reaction
kinetics.

The decrease in experimentally measured velocity
above 850°C is possibly due to a change in powder
characteristics at 950 and 1000°C. For example, Ti
undergoes a phase transformation from a-hcp to f-
b cc phase at 893 °C [27] which can alter the thermal
and chemical properties of the initial reactant powder,
which may influence the process. Although the model
considers the phase transformation in the compu-
tation of adiabatic reaction temperatures, the thermal
conductivity properties of the o and § phases were not
available, and may lead to the differences predicted
at high preheat temperatures. Further, the excessive
product melting (up to 60%) at high initial compact
temperatures can contribute to the heat transfer pro-
cess and yield additional differences between model
and experiment.

3.3. Particle size and packing density effects
on SHS

Modelling of particle size effects on SHS reaction
velocity was carried out by assuming the mesh size to
be that of the powder dimension. Predicted results
indicated a continuous decrease in reaction velocity
with increasing particle size (Fig. 10). Since the size
was only simulated to affect the heat transfer rate, the
effect could be understood from the effect of this
parameter on the reaction propagation process. For
example, if one considers larger cell dimensions, the
ignition of a cell by heat transfer from its previous cell
at the adiabatic temperature depends on the time for
that cell to heat up from room temperature to the
ignition temperature by conduction Instead, smaller
mesh dimensions split up the distance for heat trans-
fer, and accelerate the propagation process by con-
tinuous rapid ignition of the smaller cells to the adia-
batic temperature. It should, however, be noted that as
the particle size increases, reaction and diffusion kin-
etics also start playing an important role in the pro-
cess, and can produce a larger influence on velocities
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v

—_ .
0 50 100 150 200 250 300 350 40C 450 500
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Figure 10 Model predictions of particle size effects on SHS reaction
velocity, indicating a continuous decrease in velocity with increas-
ing size.
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than those modelled in this work. Despite this limita-
tion, trends predicted by the model show reasonable
agreement with those indicated in the review paper by
Munir and Tamburini [1].

An increase in the packing density from 45 to 85%
was empiricaily evaluated to produce a mass density
increase from about 1700 to 3200 kgm ™3, a parallel
thermal conductivity increase from 017 to
1.8 Wm™ ! K ~! and perpendicular thermal conductiv-
ity from 0.25 to 44 Wm™*K !, though the thermal
conductivity effect was found to dominate over that of
the mass density. Also, since a 40 x 1 modified two-
dimensional mesh system was used, only parallel ther-
mal conductivity increases influenced the heat flow
process. The predicted velocity was found to increase
with increasing packing density, since at lower density
(and conductivity), the thermal energy is confined
close to the ignition element, resulting in slow ignition
and reaction velocities. As the packing density, con-
ductivity and heat transfer rate increased, the velocity
increased from about 3mms~! at 45% density to
about 12mms~ ! at 85% density, thus producing a
fourfold increase in velocity over the range of packing
densities simulated (Fig. 11a). The predicted velocity
of 10mms™! at about 55% packing density was
slightly higher than that of 8 mm s~ ! measured experi-
mentally, thus indicating good agreement between
model and experiment at this density level. Since, in
practice, it is difficult to achieve the entire range of
packing density, model performance for other packing
density values was evaluated by comparing with a
similar simulation developed by Kottke and co-work-
ers [20, 21]. Both models showed similar trends and
agreement in predicted velocity as a function of pack-
ing density, though the values in this work were lower
than those of Kottke and co-workers, especially at
higher packing levels (Fig. 11b).

4. Summary and conclusions

A dynamic, finite-difference model developed to evalu-
ate titanium carbide (TiC) ceramic processing by self-
propagation high-temperature synthesis (SHS) has
revealed the following:

1. Material and process parameters have a signific-
ant influence on SHS reaction propagation kinetics.

2. Addition of inert pre-reacted TiC diluents to the
initial Ti-C reactant mixture and the use of off-
stoichiometric Ti:C ratios tend to decrease the SHS
reaction velocities.

3. Increasing compact preheat temperatures,
lowering powder particle sizes and raising compact
packing densities cause a significant increase in SHS
reaction propagation kinetics.

4. The effects of these initial material and process
conditions are due to their influence on adiabatic
reaction temperatures and heat transfer patterns pro-
duced during the process.

5. Model results are in agreement with results ob-
tained from suitably designed experimental studies
on dilution, stoichiometry and preheat temperature
effects on SHS velocity, and other literature data on
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Figure 11 Tllustration of increase in predicted SHS velocity over the
range of green compact packing densities from 45 to 85%, as
modelled (a) in this research and (b) in the work of Kottke and
co-workers [20, 21]. Tt should be noted that the plot of (a) was
modelled assuming a powder particle size of 50 um to match other
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packing-density and particle-size eflects on this para-
meter.
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