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Abstract: The mfluence of ignition manner on micropyretic synthesis of low exothermic reaction with Ni+Al

1s numerically mvestigated mn this study. The different ignition powers and ignition regions are chosen to
illustrate the influences on the length of pre-heating zone and propagation velocity of the specimens. The

numerical results indicate that a lower ignition power or igniting in the center region accelerates the heat loss.
Thus, the length of pre-heating zone is increased and the average propagation velocity is correspondingly
decreased. In the extreme case, the combustion front may not complete the propagation for the reaction with
a lower pre-exponential factor. Tn addition, it is also shown that a higher ignition power consumes the additional

ignition energy to ignite the specimens. Such an increase in the required ignition energy enhances the

processing cost, but also probably results in the unstable propagation. The optinal ignition mamner for
micropyretic synthesis of Ni+Al reaction 1s generated in thus research.
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INTRODUCTION
Many exothermic non-catalytic solid-solid or
solid-gas reactions, after being ignited locally, can release
enough heat so as to sustain the self-propagating
combustion front throughout the specimen without
additional energy!'®. Since the 197(0’s, this kind of
exothermic reaction has been used in the process of
synthesizing refractory compounds in the former
Soviet Union™. This novel technique, sc-called
micropyretic/combustion synthesis, has been intensively
studied for process implication¥. This technique
employs exothermic reaction processing, which
circurnvents difficulties associated with conventional
methods of time and energy-intensive sintering
processing. The advantages of micropyretic synthesis
also mclude the rapid net shape processing and clean
products.
Several models of

numerical and analytical

micropyretic synthesis in a composite system have been
well developed™® '™, Lakshmikantha and Sekhar™ firstly
explored the numerical model that includes the effects of
dilution and porosity and melting of each constituent of
the reactants and products™®. The analytical modeling of
the propagation of the combustion front in solid-solid
reaction systems has also been reported”. The analytical
model gives good results when compared with the
experimentally determined numbers and the numerically
calculated values. In additton, a multi-dimensicnal

numerical model and dynamic modeling of the gas and
solid reaction have also been carried out to illustrate the
effects of various parameters on the micropyretic
synthesis™'”. These numerical and analytical analyses
provide the better understanding of the reaction sequence
during micropyretic synthesis reactions.

Since the micropyretic synthesis is normally occurred
in a few seconds, any small variations in the ignition
manners have been reported to dramatically influence the
propagation during micropyretic synthesis!’. The
selection of the ignition manner is important while
materials processing by micropyretic synthesis. Thus, the
numerical calculation is used to investigate the correlation
of the ignition manners with the propagation velocity in
this study. The low exothermic Ni-Al reactions with the
different pre-exponential factors, which correspond to the
various reactant sizes, are chosen to illustrate the effects
of the igmition manners. The results generated m this
study will be used to provide the useful information for
selecting the optimal igniting manners.

Numerical calculation procedure: The middle-difference
approximation and an enthalpy-temperature method
coupled with Guass-Seidel iteration procedure are used to
solve the energy equations of the micropyretic synthesis
problems. The detailed numerical calculation procedure
has been reported in the previous studies™ In the
computational simulation, a one-dimensional sample of
1 cm long is divided mto 1201 nodes (regions) to calculate
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the local temperature using an enthalpy-temperature
method. First, the proper initial and boundary conditions
are used to mitialize the temperatures and enthalpies at all
nodes. The mitial conditions m the simulation are taken as
follows: (1) At the ignition node, at time t=0, the
temperature is taken to be the adiabatic combustion
temperature. (2) At the other nodes, at time t=0, the
temperatures are taken to be the same as the substrate
temperature. During the ignition, the specimens are heated
at the different ignition powers. The proceeding of the
reaction 1s assumed m the isolate thermal enviromment
and the igmtion power 1s unmediately removed as the
combustion front starts to propagate.

The various thermophysical/chemical parameters,
such as thermal conductivity, density and heat capacity
of the reactants and product are also assumed to be
independent of temperature, but they are different in each
state. The average values of these parameters vary when
the reaction proceeds, depending upon the degree of
reaction. In this study, the combustion temperature 1s
defined as the highest reaction temperature during
micropyretic synthesis and the propagation velocity is the
velocity of a propagating combustion front.

The calculations are normally performed 500 to
2000 times, depending upon the calculated thermal
parameters; to make all 1201 sets (nodes) meet the
criterion for each time step. At least 600 tune steps are

calculated to allow the propagation of the combustion
front across the 1 cm long specimen completely. The pre-
exponential factors in this study are respectively taken as
9x10° and 9x10" s~', which correspondingly denote the
different reactant sizes and reaction barriers. In this study,
the porosities of the reactants and product are both taken
to be 0%,

RESULTS AND DISCUSSION

Nickel aluminum compound (N1 Al atomic ratio=1:1)
without diluent i1s chosen to illustrate the effect of the
ignition manner on micropyretic synthesis. Figure 1
shows the temperature profiles of combustion fronts at
various times along the Ni+Al specimens with the ignition
powers of 500 Joule and 1500 Joule, respectively. The
micropyretic reaction is ignited at the position 0 cm and
the combustion front starts to propagate from left to right.
The interval tune step between two consecutive time
steps (profiles) is 0.001 s. It can be seen from Fig. 1a that
the combustion front starts to propagate at 0.006 s after
the ignition as the ignition power of 500 T 57" is used. As
the ignition power is further increased to 1500 J 57, the
rate of the energy supply 1s correspondingly increased.
The combustion front thus takes the less time, 0.003 s, to
start propagating, as shown in Fig. 1b. Table 1 shows the
required igmtion time and energy for the specimens with
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Fig. 1: Time varations of the combustion front temperature along the Ni+Al specimen with the pre-exponential factor
of 9x10% s~ The specimen is ignited from the left end. The interval time between two consecutive time steps
(profiles) is 0.001 s. The numbers & and 3, which, respectively denote the sixth time step (0.006 s) and the third
time step (0.003 s) after igmtion, are the begmnings of the propagation. The igmiting powers m (a) and (b) are

500 and 1500 T s, respectively
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Fig. 2: Time varations of the combustion front temperature along the Ni+Al specimen with the pre-exponential factor

of 9x10° s

The specimen is ignited at the center. The interval time between two consecutive time steps

(profiles) is 0.001 s. The numbers 7 and 4, which, respectively denocte the seventh time step (0.007 ) and the
forth time step (0.004 s) after ignition, are the beginmings of the propagation. The 1igniting powers in (a) and (b)

are 500 and 1500 I s™', respectively

Table 1: The required ignition time and the required ignition energy for
the specimens with different igniting powers. The pre-exponential
factor is taken as 9x10F 1/s

Igniting power Required ignition time Required ignition energy
(s (s) Q)]

500 0.00405 2.025

1000 0.00280 2.800

1500 0.00200 3.000

2000 0.00155 3.100

Table 2: The calculated initial velocity during the first 0.0002 s after

propagation for the specimens with different igniting powers. The
pre-exponential factor is taken as 9x10° 1/s

Propagation velocity at the initial stage (cm s7')

Ieniting power (Js~) Ieniting in the middle  Igniting from the left end

500 154+88 133+87
1000 138+87 125485
1500 129+87 129485
2000 125+86 117484

the different ignition powers. Tt is noted that an increase
in the ignition power decreases the ignition time required
for starting of the propagation. However, the required
1gnition energy is noted to increase with the mcrease in
the ignition power. This is because the higher ignition
power provides a higher energy in each time interval. In
the last tume step just before the propagation, it 1s always
found that the excessive energy 1s supplied to the
specimen which only needs the less energy to propagate.
The supplied energy easy exceeds a critical energy
required for propagation. Thus, the over-heating of the
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Fig. 3: Time combustion temperature profiles after

combustion front propagation. The X-coordinate
from 0 indicates the start of the reaction zone

specimen 13 noted and the more energy for igniting a
micropyretic reaction is consumed.

In this study, the effect of igmition region on
micropyretic synthesis 13 also mvestigated. Figure 2
shows the temperature profiles for the specimens are
1gnited 1n the middle. As expected, the less ignition time
is taken to propagate the combustion front as the higher
ignition power is used. In addition, Fig. 2 also illustrates
that the ignition times for the specimens ignited in the
middle are more than those ignited from the one end. In
this study, the reaction is assumed to occur in the isolate
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Fig. 4 Time variations of the combustion front temperature along the Nit+Al specimen with the pre-exponential factor

of 9x107 7.

The specimen is ignited at the left end. The interval time between two consecutive time steps

(profiles) 1s 0.001 5. The numbers 11 and 6, which, respectively denote the eleventh time step (0.011 s) and the
sixth time step (0.006 s) after ignition, are the begmmnings of the propagation. The igmiting powers in (a) and (b)

are 500 and 1500 J s, respectively

thermal system. Thus, the thermal energy 1s only
transferred to one (right) direction as the specimen 1s
ignited from the left end When the specimen is ignited in
the middle, the thermal energy is simultaneously
transferred to both (left and rnight) directions. The heat
loss 1n the igmition region 15 thus enhanced as compared
with the specimen ignited from the left end. Therefore,
Fig. 2 shows that it takes the more time to ignite in the
middle as compared with that ignited from the left end.

During igniting the specimens, it offers the sufficient
time to have the thermal energy transferring to the
next region (pre-heating zone) when the ignition time 1s
increased. The energy transferred to the pre-heating zone
mcreases the mmtial temperature of this zone, further
aiding the reaction to proceed after the ignition at the
initial stage of propagation. Table 2 shows that the
propegation velocity at the imtial stage 1s higher for the
specimen with the small igmition power or the specimen 1s
ignited in the middle. The velocities for the specimens
with the different ignition powers are then converged to
the constant values as the combustion front further
propegates. Figure 1 and 2 both show that the
combustion fronts for the specimens with different
ignition powers almost talke the same time to complete
propagation.

The temperature profiles affected by the igmition
powers are also studied. Figure 3 illustrates the
temperature gradients in the reaction zone and the
pre-heating zone for the specimens with different ignition
powers. As discussed before, a decrease in the ignition
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power increases the amount of heat transferred to the
pre-heating zone. Thus, the lengths of reaction zone and
pre-heating zone are increased, as shown in Fig. 3. Even
this leads to an increase in the initial temperature and
further  enhancing temperature  and
propagation velocity at the immtial stage. However, the
previous study™ alse shown such an increase in the
length of pre-heating zone aids to disperse the energy
during the propagation. It further decreases the
propagation velocity and probably stops the propagation.
Figure 4 shows the temperature-time variations with the
distance for the specimens with lower pre-exponential
factor, 9x107 1/5. It has been reported that an increase in
the pre-exponential factor i1s considered equivalent to
better spread and improving contact efficiency, further
decreasing the lkinetics of the reaction. Hence, it is
expected that the propagation velocity 1s decreased as the
pre-exponential factor decreases. For a given higher
ignition power (1500 T s7"), the propagation velocity is
dramatically decreased as the pre-exponential factor is
decreased from 9x10° 1/s (Fig. 1b) to 9x107 1/s (Fig. 4b).
Note from Fig. 1b that the combustion front takes 0.012 s
(~12 time step, 0.001 s/time step) to complete propagation.
The combustion front in Fig. 4b only propagates to
~0.3 cm in the same time interval. For the specimens with
lower ignition power (500 ] s7) and pre-expenential factor
{9x107 1/s), the propagation velocity is noted to decrease
and the combustion front is found to extinguish in the half
way (Fig. 4b). Therefore, 1t can be concluded that a lower
1gmition power decreases the propagation velocity of a

combustion
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combustion front and probably stops the combustion
front of the reaction with the lower pre-exponential factor.

CONCLUSION

The influence of ignition manner on micropyretic
synthesis of low exothermic reaction with Ni+Al has been
numerically investigated in this study. The numerical
results have shown that a lower ignition power or ighiting
in the middle accelerates the heat loss. Thus, the length of
pre-heating zone is cormrespondingly mcreased, further
decreasing the propagation velocity. In the extreme case,
the combustion front may not complete the propagation
for the reaction with the lower ignition power and
pre-exponential factor. The results generated n this study
indicate that a higher igmtion power prevents a
combustion front from extinguish and aids to increase the
propagation velocity. However, the numerical results also
show a higher ignition power consumes the additional
1gmtion energy to igmte the specimens. Such an increase
in the required ignition energy enhances the processing
cost, but also probably results in the over-heating and
unstable propagation during the reaction. Therefore, an
optimal igmtion manner 1s required to choose for a stable
propagation of micropyretic synthesis.
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