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Abstract

The process of reactive in-situ synthesis of dense
particulate reinforced TiB,/TiC and TiB,/TiN cera-
mic matrix composites from B,C-Ti and BN-Ti
powder blends with and without the addition of Ni
has been modeled. The objective of modeling was the
determination of optimal thermal conditions preferable
for production of fully dense ceramic matrix compo-
sites. Towards this goal heat transfer and combustion
in dense and porous ceramic blends were investigated
during heating at a constant rate. This process was
modeled using a heat transfer—combustion model with
kinetic parameters determined from the differential
thermal analysis of the experimental data. The kinetic
burning parameters and the model developed were fur-
ther used to describe the process of combustion synth-
esis in a constrained die under pressure. It has been
shown that heat removal from the reaction zone affects
the ignition temperature of thermal explosion. © 1999
Elsevier Science Ltd. All rights reserved.
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composites.

1 Introduction

One of the major factors restricting the widespread
use of high performance ceramics for advanced
structural applications is the difficulty of producing
dense components from these materials. Further-
more, the toughening of the inherently brittle
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ceramics via the composite approach, i.e. incor-
poration of a second phase into a ceramic matrix,
dramatically increases the difficulty and expense of
the material processing. In recent years, the con-
cept of in-situ ceramic matrix composites (CMCs)
— materials in which desired reinforcements and
matrices are formed during processing, has become
increasingly important as an attractive alternative
route to cost-effective ceramic-based structures.

Self-propagating  high-temperature  synthesis
(SHS), or combustion synthesis, is one of the
rapidly emerging technologies used to synthesize
in-situ refractory ceramic materials.' The princi-
ple of this technique is that initial reagents, when
ignited, spontaneously transform into products due
to the exothermic heat of reaction. An inherent
limitation of combustion synthesis is the high
retained porosity of the synthesized products. It
has been demonstrated that application of pressure
during or subsequent to the combustion step can
considerably increase the product density.>!* Two
general SHS modes have been recognized: combus-
tion wave propagation and volumetric combustion,
or thermal explosion.

The thermal explosion mode of the SHS process
is much less studied than the combustion wave
mode. This is even more true regarding thermal
explosion in constrained molds under pressure. As
for any SHS process, the ignition and the combus-
tion temperature of thermal explosion are strongly
affected by the heat transfer to and from the reac-
tion zone. When a reagent powder blend is placed
in a die, the heat transfer rate depends not only on
the thermal conductivity and specific heat of the
reagents and products, but also on the thermo-
physical properties of the die material and on the
initial die temperature. The roles of these latter
factors as a means of controlling the thermal
explosion process are still not fully assessed.
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Table 1. Experimental data on specimens tested

Kinetic coefficients

Specimen Material Density Porosity k; (s71) k, Thermal conductivity Heat rate
(kg m=3) (%) (Wm™ K1) (°C min~")
N1 in air 2BN + 3Ti 3630 <1 19 500 0-1 5018 20
Cl in air B,C+3Ti 3700 <1 24 500 0-1 4.02 20
N2 in air 2BN +3Ti 3200 12 160 0-1 9.0* 20
C2 in air B,C+3Ti 2940 20 23 000 0-1 3.2 20
NNI in Ar 2BN +3Ti+ 1-5Ni 3800 15 6000 0-1 7-50 20
NN2 in Ar 2BN +3Ti+ 1-5Ni 3800 15 6000 0-1 7-0° 20
NN3in Ar 2BN +3Ti+ 1-5Ni 3800 15 6500 0-1 7.5 20
NN4 in Ar 2BN +3Ti+ 0-95Ni 4000 5 8500 0-1 5.20 20
NNS in Ar 2BN +3Ti+ 0-95Ni 4000 5 8000 0-1 6-0° 10
CNl1 in Ar B,C+3Ti+0-95Ni 3300 22 2000 0-1 2.0° 20
CN2 in Ar B4C + 3Ti+0-95Ni 3300 22 340 000 0-1 2.0° 10
At 600 K.
bAt 525 K.

The specific objective of this paper is to identify
and investigate the optimal thermal conditions
required for the fabrication of dense TiB,/TiN and
TiB,/TiC CMCs from BN-Ti and B4C-Ti powder
blends via thermal explosion in constrained molds
under pressure. Towards this goal heat transfer
and combustion in dense and porous ceramic
blends are investigated during heating at a constant
rate. The apparent thermal diffusivity is measured
during heating, together with the characteristic
temperature drop across the specimen. The process
is modeled using a heat transfer-combustion model
with kinetic burning parameters determined from
the differential thermal analysis of the data obtained
on the experimental temperature profiles. The kinetic
burning parameters and the model developed are
further used to describe combustion synthesis in a
constrained die under pressure. It is shown that heat
removal from the reaction zone affects the ignition
temperature of thermal explosion.

2 Measurement of Thermophysical Properties

The composition and properties of the starting
specimens experimentally tested in the present
work are summarized in Table 1. SHS reactions
that take place in these powder blends and the
corresponding adiabatic temperatures, 7,4, calcu-
lated at the preheating temperature, 7y, of 1000°C
are given in Table 2. The high values of T,4 indi-
cate the possibility of SHS in all the compositions
studied.

The properties of dense specimens and non-dense
compacts which were experimentally tested are
summarized in Table 1. Figure 1 presents a sche-
matic of the measurement cell with a specimen placed
within a steel 304 container. The diameter ¢ and the
length / of the specimens varied in the following ran-
ges: d = 18—20mm, / = 40 £ 1 mm. The non-dense

Table 2. SHS reactions for the specimens tested, and the cor-
responding adiabatic temperatures, T,q calculated at the pre-
heating temperature of 1000°C

Reaction Calculated T,y (K)
(at Ty=1000°C)
B,C +3Ti—TiB,+ TiC 3223
B,C+ 3Ti+0-95Ni—2TiB,+ TiC + 0-95Ni 31922
2BN +3Ti—TiB, + 2TiN 31922
2BN +3Ti+ 1-5Ni—TiB,+ 2TiN + 1-5Ni 2867
2BN + 3Ti+ 0-95Ni—TiB, + 2TiN + 0-95Ni 3002
aT,. of TiBs.

200 atm.

Fig. 1. Experimental setup: 1, argon container; 2, valve; 3,

pressure reducer; 4, 6, 8, manometers; 5, reducing valve; 7,

flow rate control valve; 9, flowmeter; 10, furnace; 11, heater;

12, measurement cell; 13, specimen; 14, thermocouples; 15,
insulation.

compacts were consolidated from powder blends at
1-5 to 2-2 GPa, and the dense (> 95% TD) samples
were cold sintered!! at 3 GPa. The specimens were
placed in the container between the plate and the
lid, both of which were in a good thermal contact
with the specimen. The container was put vertically
in the furnace and heated from the sides (see Fig. 1).
This arrangement was used for measurements of
dense samples (with porosity of <1%).

We examined the nonstationary temperature
field in the specimens and found out that the tem-
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perature in the upper point is always higher than in
the lowermost point. This introduced inaccuracy in
the measurement method, which cannot be taken
into account in the calculations of thermal con-
ductivity.

The above shortcoming does not exist in the
measurement cell which was developed later for
porous specimens (with porosity of about 20%).
This cell is placed horizontally in the furnace, so
that the heating occurs from the lids. The exact
position of the cell within the furnace was deter-
mined to assure that the temperature field within
the samples is symmetric. During the measurement
of thermal diffusivity, argon was constantly sup-
plied in a way that ensured the specimen was not in
contact with air. Argon was discharged from the
openings within the container, the sizes of which,
as well as the permeability of the porous insulator,
were chosen to create the necessary hydraulic
resistance for the flowing argon. The Ar flow rate
was chosen to make the temperature of the gas
supplied to the cell as close as possible to the tem-
perature of the lateral surface of the specimen. For
this purpose the temperature of argon entering the
measurement cell was monitored using a special
thermocouple.

The experimental method for the determination
of thermal conductivity and thermal diffusivity is
described elsewhere.!?!? The measurement cell for
testing the samples in the argon atmosphere was
calibrated using the steel 304 specimen of the same
size as the ceramic specimens. The results on ther-
mal conductivity versus temperature were com-
pared with the literature data. The discrepancy did
not exceed 5%.

3 Experimental Results

Figure 2 depicts one of the typical results for thermal
conductivity of compacted powder blends. One can
see that k significantly increases at high temperatures
Air

Argon

k, W/mK

I I l

0 200 400 600 800 1000
T, K

Fig. 2. Thermal conductivity of (B4C+ 3Ti) specimens versus
temperature in air and argon.

due to the combustion reaction. In this tempera-
ture range the measurements do not represent the
true material properties, but rather depend on the
reaction kinetics. The values of &k at lower tem-
peratures are less affected by the combustion pro-
cess, where they depend on the porosity and the
contact area between powder particles. As a gen-
eral trend, the conductivity decreases with increasing
porosity and decreasing contact area between pow-
der particles, which depends on the consolidation
pressure.

When measured in air, the thermal conductivity
of C2 specimen exhibited the occurrence of an
exothermic reaction at temperature of ~600°C,
which is significantly lower than the experimentally
observed ignition temperature of thermal explosion
of the B4C+3Ti blend (T;~950°C'*!3). Appar-
ently, this is due to the heat release resulting from
the reaction with surrounding air. This trend repe-
ated itself for all specimens tested with porosity of
20% and above. To avoid this unwanted effect,
further tests were conducted in an argon atmo-
sphere. In this case, the measurements performed
for a similar specimen C3 showed that the exother-
mic reaction begins at a much higher temperature
(> 800°C) than for the similar specimen in air.

These tests revealed also a significant difference
between the thermal diffusivity of B4C-Ti—Ni spe-
cimens in argon and in air at low temperatures
(about 200°C), which amounts up to the factor of
8. This cannot be attributed to the difference
between thermal conductivities of these gases,
which is not large enough to explain this trend.
Apparently, the larger values of k£ measured in air
are a result of the heat released during the oxidation
reaction, occurring as early as 200°C.

In addition, the difference between the tempera-
tures of thermocouples 1, 2, 3 within the specimen
was used to determined the kinetic coefficients of
the combustion process (see below).

4 Theoretical Model

The lumped-capacity theoretical model has been
developed and aimed at describing the combustion
process and determination of the kinetic para-
meters characterizing the combustion kinetics. This
model is schematically shown in Fig. 3.

The specimen’s mass is divided into two parts: one
corresponding to the central part, with the tempera-
ture 7, and a surface layer with the temperature T
both measured by thermocouples. The thermal
resistance between the layers is (4,4,)~', where A4,
is the cross-section area and /i, =k/A, is the heat
transfer coefficient, expressed via the specimen’s
thermal conductivity and the distance between
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Fig. 3. Schematic of the lumped-capacity heat transfer and
combustion model.

thermocouples A,. The surface layer exchanges
heat also with the container via the corresponding
thermal resistance (4-h,)~!, wherein h, takes into
account the contact resistance and thermal con-
ductivity of the container material (steel 304). The
container in turn, is heated via thermal resistance
(Ashs)~! within the furnace wherein the tempera-
ture changes linearly with time T, = Ty + bt, with
b being the heating rate.

According to the above model the equations of
the evolution of the temperatures are:

d
c1n 7(;11(0 - VlQexp(— R;f(l))K(O'l) 0
— At [T1(1) — T5(8)] — Axhao[T1(2) — T (D)),

d
iy ](;2t(t) = 1,Qexp (— R;z(l))K(Gz) )
— Aaho[To(1) — Th(1)],

d75(2)

c3m; = A1 [T5(2) — T1(1)]

- A3h3[T3(I) - To - b[],

where V1, ¢; V5, ¢, are the volumes and the specific
heats of the corresponding parts of the specimen,
T, is the initial temperature, Q is the volumetric
heat release, E is the activation energy, R is the gas
constant and « is the combustion kinetic function,
dependent on the volumetric concentrations (of
any of the components), oy, o, within the layers.
The equation for evolution of o, o, are:

doi(?)
dt

:o*,-(t)exp(— )x(oi), =12 (4

RT(1)

wherein the function « is

ki
[0:(0) — oi(D)]' /P41

«loi()] = P ()

In the above, the kinetic constants k;, k, are
unknown quantities, which are determined from the
differential thermal analysis of the experimental data,
namely, by analyzing the temperature difference
T,—T>.

The physical reason underlying the functional
dependence (eqn 5) may be outlined as follows.
Suppose that initially, i.e. before combustion, the
initial reaction rate « is determined by a time con-
stant o, i.e. k~1/a;. When the combustion reac-
tion begins, the reaction rate diminishes because of
the formation of the product layer separating any
two reagent particles. The reaction rate is thus
determined jointly by the thickness §; of this layer,
which increases with time, as the reaction pro-
gresses. As such one can express the reaction rate
in the form

1
K~ ——,
a28i(1) + ay

where «, is a (time-independent) constant. The
thickness §(¢) of the product layer may be expres-
sed via the volumetric concentrations in the form
8i(1) ~ V[o:(0) — o;(1)]'?, where V is the total
volume of the product. Introducing this formula
into the above expression for the reaction rate and
renormalizing the terms in the denominator one
obtains formula (eqn 5) with constants k;, k>
expressible via aq, o, and V.

Equations (1)—(5) were solved subject to the
initial conditions

00 =1,i=1,2, T(0)=To,i=1,2,3. (6

As a result, we determine the temperature differ-
ence T1—1T, as a function of time, which was used
to describe the comparable data measured in the
experiments. The calculations were performed for
different k4, k,, which were chosen so as to provide
the best agreement with the measured values of the
temperature difference throughout the combustion
process.

5 Results

The model was used in a two-fold manner. First
the calculations were performed for the differential
thermal analyses and estimations of the kinetic
coefficients. At the next stage we used the fitted
values of k;, k> to calculate the behavior of the
specimens undergoing the thermal explosion in a
constrained die.
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The results of differential thermal analysis are
presented in Table 1 and in Fig. 4. which shows the
typical calculated curves for 77—7, and the
experimental points for the same quantity. The
coefficient k; describes the reaction rate at the
beginning of the burning process, when the difference
0i(0) — o;(¢) is small and the kinetics of burning is in
its fastest stage [see eqn (5)].

One can see that k; is larger for dense samples,
wherein the reagent particles are more densely
packed against each other and the contact area is
the largest (see Table 1). The -coefficient k,
describes the impediment of burning, incurred by
the formation of the barrier layer of reaction pro-
ducts between the reagent particles. It is seen to be
largely independent of the specimen porosity (see
Table 1).

One general trend may be observed from the data
on the kinetic coefficients shown in Table 1. The
kinetic coefficients obtained from the Differential
Thermal Analyses of similar specimens heated in
the air exhibit a significant difference (e.g. N1 and
N2). This may be attributed to the difference in
porosities of the specimens. The larger porosity of
specimen N2 triggers the oxidation reaction which
affects the values of the kinetic coefficient k;.
Moreover this reaction diminishes the temperature
gradient within the specimen even at temperatures
of about 600K, for which thermal conductivity
was determined. Accordingly, the experimental
value of thermal conductivity for a more porous
specimens N2 had been obtained larger than that
for its denser counterpart N1. The values of the
kinetic coefficient k; obtained from the data on the
identical specimens collected in argon have better
reproducibility, save the unrealistically large value
of k; for specimen CN2.

The values of k;, k, listed in Table 1 were used to
model the SHS process. For this purpose we used

-40 L L L 1 ! L L !
0 300 400 500 600 700 800 900 1000 1200
Tsurf: K

I

Fig. 4. Determination of kinetic combustion constants of the
(2BN + 3Ti+ 1-5Ni) specimen (NN1) by the differential thermal
analysis: k=7-5W mK!, p=3800kgm—3, k;, =6000s~", k,=0-1.

the model analogous to the models in Refs'¢, with
the following changes:

1. the temperatures within the specimen were calcu-
lated, in conditions when it is heated by the die;

2. the temperature of the die was calculated assuming
that its outer surface is held at a constant tem-
perature (e.g. 1300K or else);

3. the values of the kinetic coefficients determined
from the differential thermal analyses retain their
values also in a constrained die under pressure.

Examples of the results of such calculations for
the 2BN + 3Ti specimen (N1) is shown in Fig. 5(a)-
(c). Explicitly, Fig. 5(a) shows the evolution of
temperature within the specimen placed instanta-
neously in the die whose temperature is held at
1300K. The character of the temperature curves
shows that thermal explosion does not occur in
these conditions, as predicted by the model when
using activation energy £=150 KJ/mole. Fig. 5(a)
also shows the effect of the activation energy on
thermal explosion. One can see that with E dimin-
ished from 150 to 80 KJ mole~! the ignition occurs
after about 35s, which qualitatively agrees with the
comparable time period measured for thermal
explosion under pressure in the B4C + 3Ti blend.'* !5,
Fig. 5(b) shows the influence of the initial die tem-
perature on thermal explosion. One can see that
ignition occurs beginning from Tg4~1620K,
whereas lower initial temperatures do not lead to
SHS. Finally Fig. 5(c) exhibits the effect of chemical
composition on SHS. One can see that the addition
of Ni promotes thermal explosion, presumably due
to the formation of the low-melting Ti—Ni eutectic
phase.'® Although this process does not explicitly
appear in the model, its influence is implicitly
accounted for within the kinetic coefficients.

The values of the kinetic constants k;, k, were
determined for E=150KJ mole~!. Therefore, the
use of the lower value for E necessitates re-calcu-
lation of ki, k». Rather than doing so for £=80KJ
mole~!, which appears rather low, we returned to
the previous activation energy E=150KJ mole~!
and calculated the value of k; which corresponds
to the threshold of ignition. This was done for the
fixed value of k, and for various values of thermal
conductivity of the die material, kg;.. As a result,
we obtained the threshold value (k})ignition- For the
thermal conductivity of Ni-based superalloy M-
6000 (~ 16W m~'K™!) (ki)ignition is close to
108s~!. The calculations show that reducing the die
material (M-6000) thermal conductivity assists the
SHS process on its later stages (after ignition).”

*More quantitative conclusions about the complicated speci-
men’s thermal balance during heating in the die can be reached
on the basis of the differential heat transfer model (see below).
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Still several-fold decrease of kg yielded lower
(k1 )ignition- Which was however still larger than k;
determined from the differential thermal analyses. As
such, the lumped capacity model predicts that if a
specimen does not ignite in the existing die, it will not
ignite in other thermal conditions. This was found
both for B4,C + 3Ti and 2BN + 3Ti specimens.

The above conclusion is inconsistent with the
observations of the SHS process for several specimens
tested. This pointed to the possibility that the
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Fig. 5. Modeling of thermal explosion in (2BN+3Ti) and

(2BN +3Ti+ 1-5Ni) specimens: a, the effect of activation

energy, E, at Too=1300 K; b, the effect of temperature within

the die, for E=150KJ mole~!, minimal T, =1620K; c, the
effect of chemical composition at 7,,=1300K.

kinetic constants were determined inadequately
from the differential thermal analyses. To check
this possibility, we calculated the threshold value
(k1)ignition 1n @ wide range of kinetic parameters k.
Some results of these calculations are depicted in
Fig. 6 (white symbols), together with the values of
k1, which most closely fit the differential thermal
analysis data for each given k, (filled symbols).
One can see that for values of k, exceeding 10 there
is a large gap between these two sets of data. On
the other hand, for &, less than 1, these two pre-
dictions agree satisfactorily. Therefore, the values
of k, determined from DTA are unrealistically
large. The determination of the optimum values of
the kinetic coeflicients should be focused at the
range where &, is much smaller. Based on the con-
jecture that the true values of the kinetic constants
are in the range of k, =0-1-1, we can conclude that
the specimen C2 (B,C+3Ti) is likely to ignite,
since in this range the calculated threshold values
of k, and those determined from the DTA are close
to each other.

On the other hand, similar data for N2 specimen
(not shown) imply that even in the range of small
k, there is a significant gap between the calculated
threshold values of k; and those determined from
the DTA. Therefore, according to the model, this
specimen will not ignite.

The above conclusions are summarized in Table
3, which includes also the conditions at which the
calculations were performed and experimental
observations of thermal explosion under pres-
sure.'* 1 Basing on the value of the activation
energy E=150KJ mole~!, one can see that the
proposed model can adequately predict the ignition
of thermal explosion in a constrained die. The low-
ermost ignition temperature for the 2BN+ 3Ti (IN2)
porous sample obtained from calculations is 1625 K,
as opposed to 1525 K, which was measured for ther-
mal explosion in a constrained die.'® This difference
may be partially attributed to the inaccuracy in
determination of the kinetic coefficients for the por-
ous samples in air, where low temperature oxidation

Table 3. Summary of ignition events, as occurred in the
experiment and predicted by the model

Theoretical model

Specimen Thermal E=150 E=200 Too
explosion KJ mol~! KJ mol="  (Ty,)
in the die

(experiment)

N2 No ignition  No ignition No ignition 1300

N2 No ignition  No ignition No ignition 1385

N2 Ignition No ignition No ignition 1525

N2 Ignition Ignition No ignition 1620

C2 Ignition Ignition Ignition 1300

C2 No ignition Ignition No ignition 1100

NN2 Ignition Ignition No ignition 1300
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Figure 6. Threshold value of k; (hollow symbols), for which

the ignition of the (B4C+ 3Ti) specimen (C2) occurs, as pre-

dicted by the model versus k,. Black symbols: k; versus k,
obtained from the experimental data. 7, =1300 K.

reaction occurs. In contrast, the calculated minimal
ignition temperatures for NN2 specimens (tested in
argon) was found close to the comparable tempera-
ture registered for thermal explosion under pressure.

In passing we will note that this conclusion has
recently received an additional support on the basis of
calculations performed using a more elaborate differ-
ential one-dimensional heat transfer model.!” This
model yields one-dimensional continuous distribu-
tions of the temperature and concentration within the
specimen and the die for all times. The analysis
showed that the latter model in most cases predicts
the same ignition (or absence of ignition) events as
does the simpler lumped-capacity model, employed
for identical specimens and thermal conditions.

6 Conclusions

The process of thermal explosion (SHS) in B,C-Ti
and BN-Ti compacted powder blends can be
modeled on the basis of the lumped capacity heat
transfer-combustion model. The model hinges on
the kinetic burning coefficients which may be
experimentally measured by monitoring tempera-
tures within specimens heated with a constant rate.
The analyses showed that thermal conditions
within the die have a significant effect on the SHS
process. These factors may be used as a means of
controlling the combustion process and, thereby,
the final product properties. Yet a considerable
work is needed to determine reliable values of the
kinetic constants of various specimens.
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