Chemical
Engineering
Journal

ELSEVIER

Chemical Engineering Journal 71 (1998) 243-252

The role of thermal and transport properties on the binder
burnout of injection-molded ceramic components

Alan C. West®, Stephen J. Lombardo'*"

* Department of Chemical Engineering, Columbia University, New York, NY 10027, USA
“Northboro Research and Development Center, Saint-Gobain Norton Industrial Ceramics, Goddard Road, Northboro, MA 01532, USA

Received 16 December 1997; received in revised form 30 March 1998; accepted 14 April 1998

Abstract

A mathematical model is developed for describing the decomposition and removal of binder from ceramic components formed by
injection molding. The model takes into account heat transfer by conduction within the ceramic body, mass transfer by convective flow of
gas products, and an Arrhenius dependence of the decomposition rate. The model is solved numerically to determine the spatial and
temporal evolution of temperature, reaction rate, concentration, porosity, and pressure. The influences of the thermal and transport
properties on the distribution of binder and on the buildup of pressure within the body are examined. When small temperature gradients
exist across the body, the binder is removed homogenously, whereas when large temperature gradients are present, the binder is removed as

a receding planar front. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Injection molding as a forming technology offers a num-
ber of advantages for the manufacture of ceramic compo-
nents [1-3]. The rapidity of production coupled with
superior surface finish and the ability to maintain dimen-
sional tolerances makes injection molding one of the most
promising forming techniques for high volume, complex
ceramic shapes. In spite of these advantages, the problems
associated with the removal of the binder used to convey the
ceramic particulates into the mold have impeded the wide
utilization of this forming method.

During binder burnout, a number of physical phenomena
can occur which can degrade and ultimately lead to the
rejection of the ceramic components. These include slump-
ing of the body, at the surface, and cracking within the body.
To a large extent, these defects arise due to phase changes of
the binder and mass-transfer limitations during the binder
removal step.

From a mechanistic viewpoint, the thermal decomposi-
tion of binder and its removal from the green body arise as a
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consequence of the coupling between heat transfer, mass
transfer, and reaction kinetics. In a typical burnout cycle in
which the temperature of the furnace is slowly ramped in
time, temperature gradients occur within the body and
spatial variation in the decomposition rate develop. Since
the decomposition of the binder is position dependent,
gradients in binder concentration are found within the pore
space of the body. The spatial dependence of the decom-
position rate of the binder also leads to pressure gradients
within the body. For cases where the internal resistance of
the body to flow is large, the relief of pressure is insuffi-
ciently fast, and the pressure increase can lead to fracture of
the ceramic green body.

During burnout, the concentration of binder within the
green body is generally assumed to be distributed in one of
the two limiting cases [4-7]. In one case, binder decom-
position is assumed to begin at the outer edge of the body
and then to recede with time as a planar front into the body.
This is referred to as planar binder removal. In the second
case, binder is assumed to decompose uniformly throughout
the body leaving no concentration gradients. While most of
the theoretical work [4,5] has been based upon the assump-
tion of a receding planar front, the limited experimental data
[6,7] indicate that binder removal is a more homogeneous
process. One focus of this work is to identify the conditions
under which these two limiting cases occur.
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A number of authors [4,5,8—15] have examined theore-
tical aspects of the binder removal operation. Barone and
Ulicny [8] treated the stress arising from thermal expansion
of the binder as a function of heating rate. For heating rates
of 600°C/h, the stress in a 50 : 50 mixture of wax and
polyethylene can approach 2—4 atm; for heating rates of
10°C/h typically used for binder burnout from monolithic
ceramics, their calculations indicate orders of magnitude
lower stresses.

Tsai [9] and Manguin-Fritsch et al. [10] have developed
models that take into account the effects of thermal gra-
dients and flow within the body. Both works demonstrated
that non-uniform binder and pressure distributions can
occur during binder decomposition. The pressure increase
within the body can be quite large and can reach 10 times the
ambient pressure in the furnace. Since these works either
treated the thermal and transport properties as constant or
varied them over a narrow range of possible values, it was
not apparent to what extent the thermal and transport
properties of the system are responsible for the binder
profiles and pressure increases.

The aim of this work is to develop a model for binder
burnout that will show under what conditions binder
removal proceeds as a planar front and under what condi-
tions it proceeds homogeneously. The physical parameters
which will be shown to control the distribution of binder are
the thermal properties (thermal conductivity and heat capa-
city) and the transport properties (specific surface area,
tortuosity, and gas viscosity). It will be shown further that
these same parameters control the magnitude of the pressure
increases, and hence, within the body. Finally, as an out-
come of this analysis, it will be seen how the physical
quantities for a given system can be used to determine
instances in which inhomogeneous binder distributions and
pressure effects are significant.

2. Theory

A comprehensive model of the removal of binder from
a green body requires consideration of heat and mass-
transfer phenomena as well as the kinetics of polymer
degradation. The role of the thermal and transport properties
is examined through consideration of the time constants
characteristic of each process. The model is then solved
for values of the time constants representative of the con-
ditions likely to be found in ceramic processing. It will
be seen that the range of both time constants spans three
orders of magnitude. As a consequence of these large
ranges, other dependences which only vary by factors
of up to 2 over the temperature range of consideration
(300-700 K) will not be explicitly treated. With this
approach, a simple but rigorous model is developed which
captures the salient features of the binder burnout process
while remaining transparent enough to demonstrate cause
and effect relationships.

The key assumptions in the model which account for the
essential physical processes are:

1. Conduction is the only mode of heat transfer in the
green body.

2. The thermal diffusivity o does not vary with temperature.

3. Binder burnout can be described by zero-order kinetics
with an Arrhenius temperature dependence.

4. Binder decomposition products are all gas phase.

5. Darcy’s law can be used to describe the gas flow of
decomposition products out of the body.

Both assumptions 1 and 2 are justified in light of the
preceding comments regarding the variations in the thermal
and transport properties which will be treated in this work.
While assumption 1 is reasonable, it should be recognized
that the binder has a comparable thermal diffusivity to that
of the green body. Binder removal thus has the effect of
decreasing the effective thermal diffusivity of the body with
time.

Assumptions 3 and 4 represent the simplest form of
binder decomposition kinetics. Real binder systems for
injection-molded ceramic components are often multi-com-
ponent mixtures of diverse chemical origin such as waxes,
oils, polymers, surfactants, etc. Depending on the particular
nature of the individual species, the gas environment, the
heating rate, and the catalytic effects of the ceramic powder,
the binder removal may proceed as vaporization, unzipping,
combustion, or pyrolysis. The multitude of possibilities
precludes treating all cases; we thus treat the case described
by assumptions 3 and 4.

The validity of the fifth assumption depends on the ratio
of the mean free path of the gas-phase species as compared
to the pore radius [9,16]. When the pore size is large relative
to the mean free path of the gas-phase species, laminar flow,
as described by Darcy’s law, occurs. For the case when the
pore size is near the value of the mean free path of the
molecules, slip flow occurs, i.e., a combination of laminar
and Knudsen flow. Slip flow is faster than laminar flow.

In real green bodies, however, a pore size distribution
exists in which the nature of the flow process depends upon
the local ratio of the mean free path to pore radius. In
keeping with the approach adapted here, we only consider
the case of the slower transport process, namely laminar
flow, and thus determine the upper bound on pressure
increases. It is this bound which is important in designing
a temperature cycle for binder removal which minimizes
stresses within the body.

2.1. Temperature variations

Since conduction is the only mode of heat transfer
operative at the conditions treated here, the temperature,
T, as a function of position and time, #, is given by

or_ o1

o “or M
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subject to the initial condition
att=0 T=T, 2

where x represents the spatial coordinate, o the thermal
diffusivity, and T the initial temperature. Implicit in the
formulation of Eq. (1) is that the heat of reaction and
convective heat transfer within the body are negligible.
For the case where the heat-transfer resistance between
the body and the furnace wall is small, the boundary
conditions at the edges of the body are given by

atx==+L, T=T,+ot 3)

where L is the half-thickness of the body and o is the rate at
which the temperature in the furnace is being ramped.

Symmetry permits the condition at x = —L to be replaced
with
oT
atx=0, —=0 “
Ox

A schematic of the green body and the appropriate boundary
conditions for the temperature profile and pressure distribu-
tion, discussed below, are shown in Fig. 1
Carslaw and Jaeger [17] provide an analytical solution to
Eqgs. (1)-(4) as
L2
T—To=""0(x7) )
o
where X = x/L is a dimensionless distance and 7 = (at)/
(L?*) is a dimensionless time. The function © is given by
) 00 n
_ -1 16 (—1) 2 _
OX, T)=T+——+—= > ———=exp(—\,7)cos(\,x
(57 =7 5D (Al cos(n)

(6)

with A, = (2n 4 1)7/2.

Eq. (5) shows that the maximum temperature difference
within the body scales with oL?/a.. The spatial variation of
the temperature as a function of time can most easily be seen

Green'Body

I

atx =-L: : atx =L:
1

T=T,+ot | Tr=T,+ot

1

P=r, : P=P,
1
1
1
|

-L 0 L

Fig. 1. Schematic of the one-dimensional model of a green body. At the
body edges (x ==+ L), the temperature and pressure are given by the
conditions in the furnace.
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Fig. 2. The dimensionless temperature © vs. position within the body for
four values of the dimensionless time 7. The dotted line is the long-time
solution (see Eq. (7)) for 7 = 1.0

by examining ©); this is shown in Fig. 2 for four dimension-
less times, 7. For short times, i.e., small 7, the temperature
gradient across the body is small and becomes more pro-
nounced for larger values of 7. The dashed line for 7 =1
represents the long-time solution obtained by neglecting all
the terms in the series:

oL? P21
T-T, :7 T+ > for large 7 @)

For approximately 7 > 4, the long-time solution is nearly
indistinguishable from the full solution.

2.2. Binder burnout kinetics

The decomposition rate r of binder is based upon the
Arrhenius relationship of Cima et al. [5]:

E,
r = koexp (— ﬁ) ®)

where ko = 3.87 x 10" kg/m*/s and E, = 17500 Joules/
mole. For these values of the kinetic parameters, the reaction
rate is very slow at temperatures below 500 K. Above this
temperature, the reaction rate increases quickly according to
the exponential dependence.

2.3. Porosity creation

The volume fraction of binder V,, within the body
decreases with time and can be determined from conserva-
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tion of mass. For a constant density of polymer p,, the
change in volume fraction of binder is proportional to the
reaction rate:

t

Vb(x, t) = Vb7() — /M dr (9)
0

Pb

where Vy is the initial volume fraction of binder Vj, is
known from Eq. (9), the volume fraction of the body
occupied by gas is given by

Ve=1-V,—V, (10)

where V is the volume fraction of ceramic in the green body,
taken to be 0.6 in the simulations presented here.

2.4. Pressure increase

Due to the evolution of gas-phase products produced by
polymer decomposition, the pressure increases within the
body. To alleviate the pressure increase, gas flows out of the
body. The continuity equation applied to the gas phase can
be written as
OVep) _ 0 rln)

or ox P+ =

where p is taken to be the molar gas density, and M is
the average molecular weight of the gas-phase products.
The superficial velocity u can be given by Darcy’s law
[13,14,18]

(1)

K 8p
= (12)
where p is the viscosity of the gas. The gas permeability «
appearing in Eq. (12) is most simply represented by the
Kozeny—Carman form [13,18]
V3
K= 7‘52 (13)
k(1 —V,)~S?

where k — typically between 3 and 7 — is a constant
accounting for the shape of the pores, and S is the surface
area per unit volume of the body [13,18,19].

Combining Eqgs. (11)—-(13), as well as assuming an ideal

gas (i.e., p = pRT) gives

oV, o? 9o\ >
%:ﬁl(x,olpa—)}(a—i)]

+ a(x, r)p% + B (x, 1) + % (14)
where
Bix 1) = "KL (15)
n

(3/@'8T /,,L)> 16)

and

Kk O*T 8T8(m/u)> (17)

frlx1) = R(u o2 T ox ox

The functions 31, 3», and 33 can be considered to be known
since T (x,1), Vi(x,1), and k(x,t) have been obtained above.
The viscosity p is also in general a function of temperature
but it only varies by a factor of two over the temperature
range under consideration and is thus taken as constant for
the cases considered here.

Due to symmetry (Fig. 1), the boundary condition at the
center of the body is

op
a—o (18)

The pressure at the outer edge of the body is assumed to be
given by the pressure of the reactor pg

atx =0,

atx=1L, p=po (19)

The initial pressure inside the body is also taken to be given
by the reactor pressure:

P ="ro (20)

To carry out these simulations, it is also required that a non-
zero volume-fraction of gas be initially specified. In most
cases, a value of Vg = 10~% was assumed, which is con-
sistent with a very low value of initial porosity within the
compact.

The above equations can be written in dimensionless form
by defining p = 1%,5.

Substitution of Eq. (13) for the permeability into Eq. (14)
gives

att =0,

oVep) - | 9 (9p\° 3p
a0 pax2+ o) | TP
_ RT,
+ B3p” + RTor(, 1) 2n
poM
where
kS2L?
N = (“ ) (22)
Po

The parameter v — the gas flow time constant — can be
considered to be proportional to the resistance to bulk flow.
The dimensionless time is now defined to be 7 = 7/, and

3
_ T Vg

' T (1-vy)?

AT/Ty) T Vs
L9t 24
1V & T ((1—Vg>2 @

G__ Vi o) orm) o V;
. (1-V,)? 0x ox  Ox\(1—-V,)?

(25)

(23)
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The dimensionless Egs. (21)—(25) for conservation of mass
were solved by a well-established finite-difference method
[20]. A Crank—Nicholson algorithm was employed for the
time stepping [21].

3. Results and discussion

As is demonstrated by the formulation presented above, a
model of the removal of binder from a ceramic green body
requires consideration of many phenomena which necessa-
rily involves a large number of parameters. To limit the
scope of this paper, attention is focused primarily on the
effects of heat and mass-transfer resistances on the buildup
of pressure. These resistances are given by the heat-con-
duction time constant L*/« and the time constant ~ asso-
ciated with convective flow of binder decomposition
products out of the body. Based on typical thicknesses
and thermal diffusivities of ceramic green bodies, the range
10°s < L?/a < 10° s was explored. From typical values of
the Kozeny—Carman parameters, gas viscosities, and body
dimensions, the range 10725 <~ < 10° was considered to
be most relevant for the convective flow resistance. The
parameters held constant in this work are given in Table 1.

3.1. Binder volume fraction

For the case of no heat and mass transfer resistance, the
rate of binder decomposition r and the change in binder
volume fraction V}, are shown in Fig. 3. For the case of zero-
order kinetics, the reaction rate is slow at low temperatures
and increases exponentially as a consequence of the Arrhe-
nius dependence on temperature. The evolution of the
volume fraction of binder is seen to be initially flat and
then to drop sharply with increasing temperature. As a
comparison, the case in which the binder decomposes
according to first-order kinetics is also displayed. In this
instance, the rate goes through a maximum, and the volume
fraction of binder approaches zero, albeit more gradually.
For example there is only a 10° difference in the temperature
at which V,, = 0.1. For the purposes of this work in which
we are determining how heat and mass transport phenomena
influence the distribution of binder in the green body, the
details of the kinetics are not crucial since all decomposition
rates lead to decreases in V}, as a function of temperature.

For a body with a finite thermal conductivity, the tem-
perature is a function of position. The reaction rate and the
volume fraction of binder are therefore, also functions of

T T T T T 0.08

- 0.06

zero-order kinetics

- - = first-order kinetics

-1 0.04

rkgm?s?

-1 0.03

0.00
500 520 540 560 580 600

Temperature, K

Fig. 3. The binder volume fraction V;, and decomposition rate r as a
function of temperature for a linear heating rate with no heat and mass
transfer resistances.

position. Fig. 4 shows the spatial variation of the reaction
rate and binder volume fraction for various values of 7}, i.e.,
the temperature at the outer edge of the body. In this figure,
L?*/ac = 10% s, which according to Eq. (7) corresponds to a
temperature difference across the body of approximately
1°C. In this case, both the binder concentration and the
reaction rate are uniform throughout the body for all tem-
perature.

As seen in Fig. 5 for a body with a higher thermal
resistance, i.e., when LYo =10* s, both binder distribution
and the reaction rate within the green body become non-
uniform. The fraction of binder at the edge of the body is
lower than at the centerline, and the reaction rate exhibits a
maximum. The abrupt decreases in the reaction rate
observed for T; = 590 and 585 K arise because binder is
completely depleted at x/L = 0.58 and 0.83, respectively.

As is demonstrated in Fig. 6, the non-uniformity in
decomposition kinetics and binder concentration become
more pronounced for an even larger value of L*/c. In this
instance, the distance over which the depletion of binder

Table 1

Parameters held constant in the simulations

Ty Py Vs Voo o Po M ko E,

300 K 0.1 MPa 0.6 0.399 0.0028° /s(10°/h)° 1000 kg/m* 40 g/mol 3.87 x 10" kg/m®/s 175 kJ/mole

# Except for the results shown in Fig. 12.
® Except for the results shown in Fig. 11.
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Fig. 4. The binder volume fraction V,, (top panel) and the decomposition
rate r (bottom panel) as a function of position and edge temperature for
La=10"s.

occurs becomes quite small. For 7; = 690 K, the outer 50%
of the body is binder free, whereas the inner 25% contains
more than 75% of its binder concentration. As before, the
spatial locations corresponding to zero reaction rates are
devoid of binder.

For most values of 7 in Fig. 6, a sharp transition zone
separates the body into regions which are binder free and
binder rich. This situation is analogous to the assumption
often made of planar binder removal, where it is proposed
that binder decomposition occurs as a front which recedes
into the body with increasing time. From these calculations
we see, however, that removal of binder as a planar front is
only realized when the heat-conduction time constant is
large. For the smaller values of L?/o represented by Figs. 4
and 5, sharp interfaces separating regions of the body with
and without binder do not appear. In these latter two
instances, the notion of binder removal proceeding as a
planar front which recedes into the body is a poor repre-
sentation of the physical phenomena.

Any number of alternative forms of the rate law for the
decomposition kinetics as compared to Eq. (8) are also
possible. The decomposition kinetics for most binders are
measured by thermogravimetric analysis. Unless such
experiments are conducted so as to eliminate heat and mass
transfer resistances, such kinetics must be regarded as

0.4 ' — I |
T, =570 TL:SSO
— — — T, =570
03 - |
- T, =580 T~
—_
= —— ™
o2 L TL=585 ~ -
\—\\ \
T, =590 RN h
b ~ N
..__u.-‘ ~
.. \ \
T, =600 b
N —_—T__T__‘[ T

x/L

Fig. 5. The binder volume fraction V,, (top panel) and the decomposition
rate r (bottom panel) as a function of position and edge temperature for
L’lo=10"s.

apparent and not true kinetics. This point is addressed more
directly in the next section.

Nevertheless, the analysis conducted in this work
indicates that for a given representation of the Kkinetics,
mass and heat transfer effects can couple so as to give
either planar or uniform distributions of binder within the
green body.

3.2. Gas-flow and pressure buildup

The binder distribution profiles given in Figs. 4—6 arise as
binder decomposes at faster rates at the elevated tempera-
tures near the surface of the body. The temperature differ-
ence across the body can significantly affect the change in
weight loss per unit volume, i.e., what is measured in a
thermogravimetric experiment. This is demonstrated in
Fig. 7, which shows that, as the heat-transfer resistance
increases, the rate of weight loss per volume of the green
body decreases. Larger values of the heat conduction time
constant lead to slower apparent decomposition kinetics,
even though the kinetics expression for the rate of decom-
position was the same in all three simulations. This change
in the apparent kinetics occurs as larger thermal resistance
lead to a body which is cooler in the interior, and thus has a
slower overall rate of weight loss.
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Fig. 6. The binder volume fraction V,, (top panel) and the decomposition
rate r (bottom panel) as a function and edge temperature for Lo = 10° s.

During binder removal, the presence of gas-phase decom-
position products within the pore space of the body gives
rise to pressure gradients and thus flow fields. The time
constant for gas flow v is a measure of the time scale over
which the bulk flow occurs. For the largest value of v —
which represents the largest resistance to flow — the increase
in pressure within the body will be at the most extreme. In
Fig. 8(a—) the dimensionless pressure distributions P/P,
within the body are plotted for v = 10 s and three values of
the conduction time constant L/cv.

For the case of L*/a = 107 s in Fig. 8(a), relatively large
variations in the dimensionless pressure are in evidence
throughout the green body. The increase in pressure within
the body is largest at intermediate temperatures when the
binder decomposition rate begins to increase significantly,
but the total binder content in the compact is still relatively
high (see Fig. 4). The decrease in pressure ratio at higher
temperatures, in spite of the more rapid decomposition
kinetics, arises due to more rapid bulk flow throughout
the binder-depleted and thus more porous body.

For the case of L*a = 10*s in Fig. 8(b) — which corre-
sponds to a larger temperature gradient within the body — the
pressure distributions become more non-uniform. In fact,
for the case T; = 550, a pressure maximum is seen to occur
near the outer edge of the body. As a consequence of this

400 T T T T

y=10 s 1 /
L2/a =10%s /

/

L2/a=1055/

300

-3

w, kgm

100

500 550 600 650 700
Lo

Fig. 7. The weight loss per volume vs. edge temperature for three values of
the conduction time constant L*/cv. The time constant y was set equal to 10* s.

T T
ol — T, =570 (a)_
T, =550
o ™~
a4 \ 4
T, = 590
5 T, =610 \\\\\ \
_____________ -
| | T —
T, =570 ‘ ] ‘ (b)
b — — — — — =
~ T, =550
£ ——__
= —
o

P/Po

Fig. 8. The pressure ratio P/P, as a function of position and edge
temperature for v = 10s and three values of L’la=10%s; (B) LYa =
10%s; (C) LY =10"s.
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maximum, bulk flow of the binder decomposition products
would occur in both directions in the body, although the
majority of the flow would be outward as a result of the
larger pressure gradient in this direction. It is interesting to
note that the pressure at 7, =550 obtains a maximum
despite a nearly flat distribution of binder (see Fig. 5).

For the final case of L?a =10’ s in Fig. 8(c), which
corresponds to the largest temperature gradients within the
body, the maximum in the pressure ratio arises more fre-
quently throughout the heating ramp. In this instance, the
bulk flow associated with the pressure gradient would be
more substantial in both directions as compared to the
conditions in Fig. 8(b).

The physical explanation for the origin of a maximum in
the pressure can be understood readily. As seen upon
comparison of the binder and reaction rate profiles from
Fig. 6 with pressure profiles in Fig. 8(c), the location of the
pressure maximum is slightly deeper into the body than the
sharp fronts associated with the decrease in binder content
and decomposition rate. From the location of these fronts
outward, there is no residual binder left in the body, bulk
flow is rapid in the open pore space, and the pressure
remains low. Inward from the position of the fronts, how-
ever, the temperature is lower as a consequence of the large
thermal resistance, and the evolution of gas-phase decom-
position products — and therefore, the pressure — is low. In
conclusion, the occurrence of a maximum in the pressure
with the body is a direct consequence of the coupling
between the heat and mass transfer resistances.

As suggested by the figures, the absolute maximum in the
pressure ratio occurs at the centerline of the body, and thus,
the maximum stress is associated with the pressure increase
at this location. Simulation results for two conduction time
constants and various flow time constants v have been
therefore, summarized in Fig. 9 to indicate the progression
of Peener/ Po as the temperature is increased.

For a given value of 7, Pcener/Po 1S unity at low tem-
perature where binder decomposition is negligible. As the
temperature is increased, the pressure ratio increases as a
consequence of accelerated decomposition kinetics. With
further increasing temperature, the decrease in Pcepe/Po
arises from enhanced bulk flow through the more porous
body and ultimately from the extinguishing of the reaction
as binder is consumed. In general, P cn/Po depends
strongly on the time constant for gas flow ~. The effect
of increasing L?/« is to shift the maximum in P enier/ Po to
higher values of T, but it was found to have a relatively
smaller impact on the maximum value of P cper/Po-

The most important insight provided by the simulations is
that the magnitude of P.one/Po can be large. For
Py=0.1 MPa, the pressure can be approximately
0.7 Mpa. Since the green strength of a fully debinderized
body is typically 0.2-0.5 Mpa, failure of the ceramic body
can occur. This is especially pronounced for bodies with
high values of -, i.e., high green densities, where the
resistance to bulk flow is large.

6 L2/a=103%s

Peenter / Po

L2/a=10%s

Peenter / Po

Fig. 9. The pressure ratio Pcene/Po Vs. edge temperature for selected
values of the constant for bulk flow y and the conduction time constant L*/c.

A more concise summary of the simulations is to show the
maximum in the centerline pressure ratio Pp,,x/Py in the
body as a function of ~ for various values of L?/cv. As seen in
Fig. 10, the pressure ratio depends logarithmically on v with
a weaker dependence on L?/a. The data of Fig. 10 are
consistent with the well-established notion that is more
difficult to remove binder as the thickness of the body
increases. For example, a body of thickness L whose thermal
characteristics are such that it is located at point A would
realize a maximum pressure increase of 4.57 at the center-
line. Increasing the thickness by a factor of 10 results in a
100-fold increase in both the thermal resistance and the
resistance to bulk flow. The maximum pressure associated
with this thicker body — denoted by point B in Fig. 10 — is
6.4, and this body therefore, would be more susceptible to
failure from fracture.

In all of the above simulations, the temperature ramp rate
was taken to be 10 K/h. Since the ramp rate is the parameter
most often varied to optimize binder burnout, it is interesting
to investigate its effect. In Fig. 11, the normalized centerline
pressure is plotted as a function of 7, for three ramp rates.
As the ramp rate decreases, the maximum pressure in the
green body decreases which is in accord with the physical
expectation.

The sensitivity of the pressure buildup, as given by Pepeer/
Py, as a function of the initial volume fraction of the gas in
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Fig. 10. The maximum pressure ratio vs. the time constant for bulk flow
for three values of L.
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Fig. 11. The pressure ratio P.../Po as a function of edge temperature
for three values of the furnace-temperature ramp rate. In this figure,
LYo =10%s and v = 10%s.
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Fig. 12. The sensitivity of the pressure ratio Pieneer/Po to the value of the
initial porosity V, q.

the green body is given by Fig. 12. The pressure ratio Pener/
Py decreases dramatically when more porosity is present at
t = 0. This illustrates that the presence of even low levels of
interconnected porosity during the initial stages of binder
decomposition can serve as a powerful method to mitigate
the effects of pressure buildup during binder removal.

4. Conclusions

A mathematical model has been developed to describe of
binder from injection-molded ceramic components. The
model takes into account the effects of heat transfer, mass
transfer, and reaction kinetics within the ceramic body. The
temperature, porosity, and pressure profiles within the body
and their temporal evolution are obtained from the numer-
ical solution of the governing equations.

The temperature, porosity, and pressure profiles show a
number of interesting trends. For large values of the thermal
and flow resistances, non-uniformities in the temperature,
binder concentration, and pressure can arise within the body.
In the most extreme cases, a maximum in the pressure
profile can arise.

The evolution of the binder distribution within the green
body as a function of time shows two types of behavior. In
one case, the removal of binder as a planar front which
recedes into the body with time occurs. However, these
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types of binder profiles only arise for large values of the heat
conduction and convective flow resistances. For smaller
values of these two parameters, removal of binder proceeds
uniformly throughout the body. Thus, the model is able to
aid in estimating which types of furnacing conditions will
lead to minimum gradients in the binder distribution.

The most useful insight provided by the model is the
magnitude of the increases in pressure which may occur
during binder burnout. As expected, fast heating rates and
large resistances to bulk flow exacerbate this effect. The
magnitude of the pressure increase can approach seven
times atmospheric pressure, and the stresses associated with
this is sufficient in many instances to lead to fracture of the
green body. In addition, the model is able to show how low
levels of interconnected porosity present during the initial
stages of binder removal can have a substantial impact on
facilitating convective flow within the body and thus reduce
the buildup of pressure.

5. Nomenclature

activation energy, J/mol
Kozeny—Carman parameter

reaction rate constant, kg/rn3/s
half-thickness of green body, m
pressure, Pa

pressure of reactor, Pa

gas constant, 8.314 J/mol/K

specific surface area, m™!

time, s

dimensionless time (based on gas-flow time
constant)

T temperature, K

T, temperature at body edge (x = L), K
Ty initial temperature, K

u gas velocity, m/s

Vs Ve Vs volume fractions of binder, gas, and solid
w weight loss per unit volume, kg/m®
thermal diffusivity, m?/s

functions defined by Eqs. (15)-(17)
dimensionless functions defined by
Egs. (23)-(25).

gas flow time constant, s

gas permeability, m”

gas viscosity, Pa s

gas density, mol/m>

dimensionless gas density

binder density, kg/m’

dimensionless temperature
temperature ramp rate, K/s
dimensionless time based on conduction
time constant

M

(6%
@19 gZ’ 763
ﬂlvﬁbﬂB
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