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ABSTRACT

The modelling of self-propagating high-temperature synthesis reactions is attempted
using a finite difference method. The model is described and its potential for estimating
combustion wave velocities and temperature profiles is examined. Experimentally
determined wave velocities on the self-propagating reaction of 3TiO, + 44l + 3C -
3TiC + 24,0, are compared with model results and are found to have good
agreement.

1. INTRODUCTION

Conventional sintering techniques of producing ceramic materials generally
require high furnace temperatures and relatively long processing times. In
order to reduce the high energy requirements of the process a technique termed
self-propagating high-temperature synthesis (SHS) has recently been attracting
some interest [1, 2]. The basis of SHS is to use highly exothermic reactions to
produce a wide variety of ceramic and intermetallic materials. When a SHS
reaction is initiated in one area of a reactant mixture (e.g. with a resistively
heated tungsten wire) there is sufficient heat release that the reaction becomes
self-propagating. A combustion wave travels along the reactants converting
them to the required products. The potential advantages are that the process
requires little energy and the processing time is reduced to seconds rather than
hours. In addition, SHS-produced materials are generally of high purity as the
high temperatures attained by the product during passage of the combustion
wave allows volatile impurities to be expelled [1].

Although there are many reports on the production of ceramic materials by
various exothermic reactions, there is little work on modelling of the SHS
process. Merzhanov {3] and Novozhilov [4] derived an analytical expression
for the combustion wave velocity which was dependent on the activation
energy (E) of the reaction. Hardt and Phung [5)] developed a model whereby
the rate of reaction was determined by the time required for reactant atoms in
adjacent particles to diffuse through the product which formed between them.
The wave velocity was therefore dependent on the activation energy for
diffusion (Q) and diffusion coefficient (D). These models require knowledge
of parameters which are not easily available or calculated.

A more recent approach has employed simple finite-different heat flow
calculations to model the SHS process and has been used with some success to
calculate wave velocities and parameter effects for the Ti + C — TiC reaction
[6, 7, 8]. The basis of this paper is to examine if a finite difference method
can estimate wave velocities and temperature profiles particularly for the
reaction,

3TiO, + 4Al + 3C — 3TiC + 2Al,0, 1
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which produces a multiphase composite [9] with potential for high hardness
and wear resistance.

2. MODEL FORMATION

A reaction becomes self-propagating when there is sufficient heat release by
the reaction to ignite reactants ahead of the reaction zone. The basis of this
model is to try and emulate this process using a finite difference method.
Therefore, the temperature of the reaction zone (adiabatic combustion
temperature) and the temperature at which the exothermic reaction begins
(ignition temperature) must be known.

2.1 Adiabatic combustion temperature and ignition temperature

The adiabatic combustion temperature (Taq) can be calculated by considering
that the enthalpy of the reaction (AH:,29s) heats up the products and that no
energy is lost to the surroundings. From the definition of heat capacity of the
product,

2323
—AHr8 = § Cp(3TiC + 2AL0;) dT + AHm(2ALO,)
298 104
Tad
+ | Cp@3TiC + 2ALO;ig)
2323

where Cp(3TiC + 2Al,0;) is the specific heat of the product. The enthalpy of
fusion of alumina, AHm(2A1,0,), is included in the equation as T.q is greater
than the compounds melting point of 2323 K. From thermodynamic data the
calculated value of Taq is 2390 K.

The ignition temperature for this reaction was determined from DTA
experiments and also by the process of thermal explosion whereby the
reactants are gradually heated in a furnace until the reaction takes place
throughout the whole sample rather than by a propagating combustion wave.
The ignition temperature was determined to be approximately 900°C, as also
observed by Abramovici [10].

2.2 Finite difference model

The finite difference model considers the reactants as a one dimensional series
of cells which are initially at room temperature. The reaction is initiated by
reacting the first two cells to the adiabatic combustion temperature to imitate
rapid heating by an external heating source. Heat flow between cells heats up
the third unreacted cell. Once this cell reaches the ignition temperature it is
instantaneously converted to products at the adiabatic combustion
temperature. The fourth unreacted cell then begins to heat up and the process
begins again so that a combustion wave travels along the reactants.

Heat flow calculations can be carried out using an energy balance approach
[11]. Consider the three adjacent cells (m — 1, m, and m + 1) in Figure 1,
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Figure 1. Three neighbouring cells in the one
dimensional array.

which are at temperatures Ty, — 1, Tm and Ty + 1 respectively. The explicit
finite difference equation is,

where,

Tm(t)
Tm(t + A)

klA

(1 T 1 | A | A 1

[Tm - 1(t) ~ Tm(t)] [Tm +1() — Tm(D)]
Ax + kA Ax
[Tm(t + At) — Tn(t)]
At

3)

=p.A.Ax.Cp.

thermal conductivity between cell m — 1 and m so k, =
2-km-1-kn/(km -1 + km).

thermal conductivity between cell m + 1 and m(J s m™ K™)
heat capacity of cell (J Kg™' K™!)

density of cell (Kg m™)

cell dimension (m)

time increment between calculations (s)

cross sectional area of cell (m?)

temperature of cell m at time t(K)

temperature of cell m at time t + At(K)

Rearranging Equation 3 allows calculation of the temperature of a cell at’
time t + At by knowledge of the temperature of the cells at time t.

At
(A% Cpep

Tt + At) — Tr(t)

4

tki * [T - 1) = Tm(®)] + ks - [T+ 1(t) = Tw(t)] )

The first cell is allowed to cool by convection and radiation so that the
equation for this cell is,

ecA[298* — T.(t)] + hA[298 — T,] + k.A

[To(t) — Tu(®)]
Ax (5)
[Tt + Ay — T.(t)]

=p-A-Ax-C, T
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where ¢ is the emissivity of the surface, o is the Stefan Boltzmann constant and
h is the heat convection coefficient.

A computer program calculated the temperatures of a row of 100 cells at
time intervals At. The reactant cells had the thermophysical properties of the
3TiO, + 4Al + 3C powder mixture. Once a reactant cell reached the ignition
temperature it was instantly converted to the adiabatic temperature and given
the thermophysical properties of the 3TiC + 2AlL,O, product. The cell size is
given the approximate value of the particle size of the reactants used, which
here was taken to be 15 um (considering 10 um Al particles surrounded by
sufficient TiO, and C to cause complete reaction) and calculations are carried
out at time intervals At which are small enough to allow calculations to be
stable. Combustion wave velocity is measured by calculating the time travelled
between cells and in addition data is stored in order to produce time-
temperature histories of cells and also distance-temperature profiles.

2.3 Thermophysical properties

In order to model the SHS reaction one must have a knowledge of the values
of Cy, p and k for the reactant powder mixture and the product.

2.3.1 Specific heat and density

The specific heat and theoretical density of the compounds are readily
available in the literature [12, 13]. As the reaction is highly exothermic this
implies that tighter bonds are being formed and thus the theoretical density of
the products (4360 kg m™®) is higher than the theoretical density of the
reactants (3347 kg m™). However, in combustion experiments the volume of
the sample does not change significantly during passage of the combustion
wave. This therefore means that the actual density of the sample does not
change but porosity is generated in the sample and this is accounted for. The
initial reactant porosity is ~ 50% and so the product is ~ 60% porous. This
porosity increase during synthesis is one of the major drawbacks of the SHS
process and a densification process is usually required [14].

2.3.2 Thermal conductivity of the reactant powder mixture

Although there are reference tables available on the thermal conductivity of
solid materials there is little data on the thermal conductivity of powders and
powder mixtures. A model developed by Luikov er al. [15] was used which
has been able to predict the thermal conductivity of a variety of metal and
ceramic powders. The basis of the model is to calculate the effective thermal
conductivity of a powder by estimating the contributions of three main
conduction mechanisms which are conduction through the gas between the
powder particles, radiation conduction between particles and contact thermal
conduction between particles. The model requires values of the density,
particle size, Elastic modulus (to calculate contact area) and the conductivity
of air and solid material. Table 1 lists the calculated values of k for the three
powder compounds which compare well with values obtained from literature
(although these have slight differences is density and are of unknown particle
size).
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Table 1. Comparison of calculated thermal conductivity of the powders used
(50% theoretical density) with literature values

Powder (particle size) Calculated k (W m™' K~') Literature k (W m' K™')

Carbon black (0-02 ym) 0015 0:020 [16]
TiO; (07 um) 0-079 0:068 [17]
Aluminium (10 pm) 0-291 0:256 [17]
Porosity. kp Ceramic. k.

Heatfiow

Figure 2. (a) Optical micrograph of TiC-AlO, formed by SHS.
(b) Idealised microstructure as an alternating layer of product and porosity.

The value, k, of the powder mixture was determined by a three phase rule of
mixtures [18] assuming that the carbon black is a continuous phase as it has
such a small particle size. The thermal conductivity of the powder mixture was
calculated to be 0-081 Wm™ K-'. The variation of thermal conductivity with
temperature to the ignition temperature was neglected in the model as during
SHS reactions gases and volatile species are violently expelled. As conduction
in powders in primarily by conduction in the gas phase the accurate
determination of k in the reaction zone region would be extremely difficult.

2.3.3 Thermal conductivity of the product
Figure 2(a) reveals the microstructure of the TiC-Al,O, composite formed by
the advancing combustion wave. The dark area is porosity and the light area is
the composite. The microstructure can be imagined as alternating layers of
porosity and ceramic as shown in Figure 2(b). If we consider heat flow in the
direction shown then heat conduction is dominated by the poorer conductor.
The overall thermal conductivity (km) is,
. ke - kp
= 6
"7 (Vp ke + Ve kp) 6
where ke and kp are the thermal conductivity of the ceramic and pore
respectively and the V¢ and V,, are the volume fractions of the ceramic and
porosity. As ke >> kp then ki ~ kp/Vp.




[image: image6.jpg]34 C. R. Bowen and B. Derby

The value of k;, of a pore is a combination of the conductivity of the air in
the pore and the radiation across pores [19], such that,

kp = kai(T) + 4d,0eT? ©)
where kair(T) is the conductivity of air at temperature T and d,, is the pore size.

3. MODEL RESULTS AND COMPARISON WITH EXPERIMENTAL
DATA

Figure 3 shows a typical time-temperature profile for a single cell. In the
region AB the reactants are gradually heated up by the advancing combustion
wave with the aluminium melting. On reaching the ignition point there is a
rapid temperature increase as the reactants are converted to products (BC).
The cell begins to lose heat to its neighbouring cell and thus cools rapidly along
CD with the alumina solidifying. The reactants in the next cell then begin to
heat up to the ignition point. The periodic rise and fall of the cell temperature
in the region DE is caused by the back flow of heat from the advancing
combustion wave. Similar irregularities have been observed in experimentally
measured time-temperature profiles but it is uncertain if this is due to the same
mechanism [20].

The combustion wave velocity was determined from the time histories of
two cells a known distance apart as shown in Figure 4. Table 2 shows the
agreement between the calculated and experimentally determined combustion
velocity and temperature. The wave velocity was determined experimentally
from a series of photographs of the combustion wave taken at a known time
interval and the combustion temperature was measured via optical pyrometer.

In addition to time-temperature histories the model can produce a time-
distance profile of the advancing combustion wave at a time t as seen in
Figure 5, with the direction of propagation shown. The profile reveals the high
temperature gradient between the reactants and products and the cooling of
the product after passage of the wave. Increasing the thermal conductivity of
the powder mixture lowers the temperature gradient but causes rapid cooling

Temperature (K) Alumina solidifies

2500 1 C -

2000

1500 Aluminium melts

1000

500)

2RI VESP DS (SRR VRN

Figure 3. Time-temperature profile of a single cell for the finite difference model.
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Figure 4. Calculation of combustion velocity is achieved from the time-temperature histories of
two cells of known distance apart.

Table 2. Comparison of calculated and measured combustion
temperature and wave velocity

Combustion temperature (K)  Wave velocity (mm s )

Model 2390 5-8

Measured 2206 + 100 3.2 + 02

Temperature (K} .
Direction of Pri o o

2000 1

1500+ ’

1000

{—-Reactants

500+

Figure 5. Temperature profile throughout 100 cells at a time t showing the high temperature
gradient between the reactants and products and cooling of the product after passage of
the combustion wave.

of the reaction zone and the combustion wave is extinguished. This has been

noted by Rice ef al. on compacts of high density which are of high thermal

conductivity [21].

3.1 Model results for other SHS reactions

In order to evaluate if the model is applicable to other SHS reactions, model
wave velocities were compared to literature results. The ignition temperatures
were taken from thermocouple measurements of time-temperature profiles
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[22, 23] and the thermal conductivities of the powders are experimentally
measured values of k. Table 3 lists the reactions and the results obtained. For
the Ti + C — TiC reaction the calculated velocity agrees well with the
experimentally determined value and also the velocity of 10 mm s
determined with the finite difference modelling of Advani ez a/. [8] (although
different ignition temperatures were used).
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For the Ti + 2B — TiB, reaction, Table 3 shows that increasing the cell
size of the model causes a decrease in the wave velocity in the same way as
increasing the particle size. The reduction of wave velocity with particle size is,
however, not a heat transfer effect. Smaller particles have greater surface area
to react and there are less diffusion barriers to slow down the reaction (Hardt
and Phungs model considers this [5]). The effect of wave velocity on cell size
can be realised if one considers the model cells getting so small that it will take
an infinitesimally small time for an unreacted cell to reach the ignition
temperature and thus the wave velocity increases dramatically. From
Equation 4 if one considers the time At for an equal change in temperature of
two cells of size Ax, and Ax, then At,/At, = [AX,/Ax;]%. As combustion
wave velocity (V) is Ax/At then the variation of velocity with cell size is
V./V, = Ax,/Ax,.

4. CONCLUSION

The finite difference model is able to predict combustion wave velocities and
produce temperature profiles by considering the reaction rate being limited by
heat transfer only. Time temperature profiles reveal a periodic fluctuation in
temperature directly after the combustion reaction, caused by back heating of
the advanced combustion wave. Distance-temperature profiles show the large
temperature gradient between reactants and products which is required to
sustain the reaction. Increasing the conductivity of the powder reduces the
temperature gradient but causes rapid cooling of the reaction zone and results
in the combustion wave being extinguished.

The model of Luikov et al. enables the thermal conductivity of powder
mixtures to be calculated, allowing modelling of a variety of reactions without
the need to measure k experimentally. As density is a parameter in the Luikov
model the effect of reactant density on the 3TiO, + 4Al + 3C reaction (and
other reactions) may be analysed.

Model reaction velocities have been shown to decrease with increasing cell
size. However, the mechanism is different to the decrease in wave velocity with
particle size. In addition, the reaction zones can sometimes be of the order of
millimetres [22] compared with the cell size of micrometres so that a
representative value of model cell size is a difficult choice.
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