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Abstract

The article is devoted to the numerical simulation of
the thermal debinding process during powder injec-
tion moulding. The model of the binder removal
incorporates both main transport mechanisms during
debinding, namely, the diffusion of the low molecular
weight component and the forced or capillar flow of
the binder. Optimization of the heating regimes is
proposed to be based on the prediction of the internal
stress distribution in the workpiece. Internal pressure
is induced by the swelling of the binder during ther-
mal degradation of the polymer or its shrinkage,
accompanying the loss of the low molecular weight
component. Calculations were accomplished for
poly-alphamethylstyrene as organic vehicle for which
sufficient data are available. The stress distribution
and damage conditions were assessed in the case of a
cylindrical and a slab shaped workpiece. The results
of the modelling correspond well with experimental
data. They confirm that damage during thermal
debinding can be explained as a result of the devel-
opment of internal stresses due to imbalance between
degradation of the polymer and outward transporta-
tion of resulting products. © 1998 Elsevier Science
Limited. All rights reserved

Keywords: (A) Injection moulding, (B) Failure
analysis, (C) Diffusion, Mechanical properties, (D)
Traditional ceramics

1 Introduction

Powder injection moulding is a widespread method
for the production of complex-shaped parts from
ceramic or metallic powders. The salient feature of
the process is a dispersing of the powder into
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polymeric vehicle to increase moldability of the
powder assembly and strength of the greenware
after cooling. The binder removal after the mould-
ing is one of the most critical steps in this process.
It takes the major part of the processing time and if
one attempts to accelerate debinding it often
results in failure of the powder compact.

The most simple and principally the most viable
method of binder removal for mass production is
thermal debinding. In the course of the process the
binder is burned out by the controlled heating of
the part. The conventional drawback of thermal
debinding is the high risk of defect formation or
even total destruction of the ceramic mouldings in
the case of an inappropriate heating regime. The
theoretical modeling allows optimization of the
present technological operation schedules and sug-
gests new ways for the development of technologies.

The binder removal is always an interplay of
different physical processes. The main specific fea-
tures of thermal debinding are heating of the
workpiece, mass transport of the binder in the
powder skeleton and active chemical reactions at
high temperatures. Disparate transport mechan-
isms differ in their physical origins of binder flow.
In many cases the liquid binder is driven to the
surface of the part by capillary pressure or any
other pressure gradients.! Diffusion of the low
molecular weight constituents of the binder is gen-
erally not taken into account. But it was shown,?3
that diffusion can be the main transport mechan-
ism at low temperatures.

The next important feature of thermal debinding
is that the use of a high molecular weight polymer
necessitates its decomposition to provide removal
of the polymer. One of the most likely causes of
damage during thermal debinding of powder com-
pacts with a polymer vehicle is an imbalance
between degradation of the polymer in a volume of
the part and the outward transportation of the
resulting products of decomposition.
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The present investigation takes into considera-
tion both fundamental transport processes during
debinding and an impact of the decomposition rate
on the binder flow. The internal stress distribution
in the part is calculated and a damage criterion
proposed. The results will be compared with
experimental data published in.?

2 Mathematical Model of the Transport Processes

A general mathematical formalism for the trans-
port processes in porous media can be presented
in the form of the generalized Stefan-Maxwell
equations:* '

=
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where a; and a;; are some phenomenological para-
meters obeying the symmetry conditions

aj; = Qi

vs is the velocity of the powder skeleton and v;, x;
are velocities and molar fractions of the binder
components, respectively. All velocities are taken
in the laboratory frame of reference. The number
of chemical potentials u; corresponds to the num-
ber of binder components. We shall only con-
centrate on a two-component binder. One
component is the low molecular weight one or
LMWC and the other is the high molecular weight
component or HMWC. LMWC is the product of
degradation of HMWC or is due to initial wax
constituent of the binder. The subscript 1 will be
always affixed to the parameters of LMWC.

Having regard that thermal debinding is a rather
slow process and it is usually used for manufacture
of small parts, we shall ignore thermal gradients
and consider a uniform temperature as a given
function of time.!

It was experimentally proven,? that the mass flux
of LMWC does not depend on the powder particle
average size and permeability of the powder com-
pact. Consequently, we can neglect the term with
Vs — v; in the right-hand part of (1). Next assump-
tion is that diffusion of LMWC in HMWC is a
quasi-static process and the Gibbs-Duhem equa-
tion for the chemical potentials is valid:

er(gradun)pp + cagradus)rp =0 (3)

where ¢;, ¢; are molar volume concentrations of
the components. When pressure gradients are pre-
sent, the calculations of the same combinations of
potentials with due regard for (1), (2) give the fol-
lowing result:

gradP = Q2 (Vs — V2) (4)
s

Equations (1) and (2) [or eqns (1) and (4)] are the
constitutive relationships of the transport processes
in the powder compact. They allow determination
of the velocities at any moment of time if pressure
and composition of the binder are known. In turn,
the correlations between velocities and densities of
the components are given by the equations of mass
conservation:

3(8,’/),')/3[ + diV(p,'Vi) =m; i=12 (5)

where ¢; are the volume fractions of the compo-
nents and m; is the rate of mass production per unit
volume. In our case the origin of mass production
is thermal decomposition of polymer at high tem-
perature. For the complete mathematical statement
of the problem it is necessary to specify chemical
potentials as functions of the component con-
centrations and subject all equations to the
boundary and initial conditions of the flow.

3 Extremum Statement of the Problem

The use of the finite element method for the mod-
elling calls for some extrmum statement of the
problem. For the constitutive eqns like (1),(4) it is
possible to utilize the extremum principles of irre-
versible thermodynamics. The formalism of this
approach is founded on the determination of fluxes
J; and forces X; driving the ith process.’ Let us
define

Ji = p(v1 — va); X1 = —(graduy)

6
J2 = p(V2 - Vs); X2 = —gradP ( )

New notations impart the common simple form to
eqns (1) and (4)

Xi=2 =12 (7)

where a;, a; are some phenomenological coeffi-
cients which can be determined contrasting eqn (7)
against the known relationships for the transport
processes. Equations (6) or (7) describe all trans-
port mechanisms including forced or capillary flow
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of the binder as a whole as well as diffusion of
LMWC in the binder.
If we determine dissipative potential @ as
follows:
N

Z (e I (8)

1

the real fluxes of the process render stationary
value for the functional®

- J(q: - f: X.J)d2 9)
1

Q

where X; must be treated as given values. Q,S
denote the volume and the surface of the workpiece
at hand. The similar functional can be derived in
terms of unknown forces provided fluxes are con-
sidered as known ones. In our case the functional
(9) is the sum of the two functionals

F = J me% - NldiV(Jl)] de + Jm(Jx -n)ds
Q N

(10)

F= ﬂzj—z - Pdlv(Jz)] dQ+ JP(JZ -n)ds (1)

The functionals (10),(11) were deduced from (9) by
substitution (1),(4) and proper use of some simple
integral transformations. Parameters X; in (10)
and J, in (11) are unknown and J;, P should be
considered as given functions. Functional (11) does
not contain unknown parameters of diffusion pro-
cess, thus it can be minimized independently.
Functional (10) according to (6) depends on the
velocity of LMWC in the framework of the binder.
The flux J;, which is treated as a given parameter
in the ensuing transformations will be replaced by
its representation from (5).

Equation (4) can be treated as Darcy’s law and
in this case parameter a, assumes the following
form:

m=Ko/u (12)

where K is the permeability of the powder bed! and
w is the viscosity of the binder. For the perme-
ability K the following approximation was used’

K=48x10"1d13(1 — &)*® (13)
where d is the average diameter of powder particles

in wm if K has dimensions of m?, &, is the powder
loading.

It should be noted that eqn (4) describes the flow
of HMWC relative to the velocity of the skeleton.
This means that swelling or shrinking of the poly-
mer combined with the same deformation of the
skeleton cannot be predicted from (1) and they will
be determined through additional conditions.

If influence of pressure gradients on the diffusion
is neglected, the functional (10) can be rewritten in
the more convenient form with respect to the
weight fraction y; of LMWC in the binder:

| p Ay,
F = J[EDy(grad(yl))z + Ayl (EE B ml)]dg
Q

J Maﬂds

s

(14)

where

Dy =Dp(1 + pi(V2 — V1))
Ay = yi(t) — »i(t — Ar)

D is the diffusion coefficient of LMWC in the bin-
der, At is the time increment and y,(t — At) is the
weight fraction at the previous step of calculations.
The time derivative of y; is taken in the framework
of HMWC. The relationship (14) follows from (10)
after substitution (6) and (5) where X; is con-
sidered as a function of concentration. The use of
(14) is similar to utilization of the implicit finite
difference approaches in the theory of differential
equations. Minimization of (14) allows determina-
tion step by step of the weight fraction of LMWC
at any moment of time.

The boundary conditions for (14) assumes an
adequate sweep of gas and zero surface concentra-
tion of LMWC at the boundary of the workpiece

y=0ats (15)

After substitution (12),(6) functional F, assumes
the form

/2K (vy — vg)* — Pdiv(v, — vs)]dQ

P(vy — vs) - ndS

i
|

(16)

For the correct assessment of pressure P it is
necessary to take into account all origins of internal
stresses in the powder compact. First of all stresses
arise due to inhomogeneous volume change in the
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workpiece during debinding. Such stresses are
completely similar to the so-called ‘thermal stres-
ses’, which appear during non-uniform heating of
elastic body.® To predict the stresses we must know
the elastic moduli of the powder compact as a

whole and the volume change in the course of -

debinding. The powder compact saturated with
binder has a large bulk elastic modulus due to poor
compressibility of liquid polymer. The bulk mod-
ulus K, for the polystyrene was calculated through
the Tait-relation® and is given in the Appendix.
The effective bulk modulus of the powder—binder
mixture was calculated through simple additive
rule:

Ke = &K, + (1 — &)K, (17)

where ¢, and K, are the powder loading and bulk
modulus of the powder skeleton. The shear mod-
ulus of the powder compact was assumed equal to
the shear modulus of powder skeleton G;. Elastic
constants for the skeleton were taken from Ref. 10
and they can also be found in the Appendix.

The local volume change of the compact is a
result of swelling or shrinkage of the binder. In the
course of thermal degradation the LMWC pro-
ducts of depolymerization have a higher specific
volume than the initial polymer. Consequently,
such process must lead to swelling of the binder. In
the calculations no volume contraction was sup-
posed to accompany the mixing of LMWC and
HMWC. The contribution of volume shrinkage
during mixing can be taken into consideration with
the use of cumbersome calculations (see, for
example, Ref. 11 for polystyrene and ethylene), but
influence of this adjustment is negligible in com-
parison with the precision of available experi-
mental data.

Shrinkage of binder results from decrease of
LMWC due to its outward diffusion. Note that
shrinkage is non-uniform in the volume of the part
and it always produces internal stresses.

In general, the extra volume deformation can be
assessed from the following relationship:

d3_ dy1
Frie le_dT_ Vom, + e, (18)

where the first term in the right-hand part of (18) is
the volume strain due to the change of LMWC
concentration, .the second term is the deformation
due to decrease of the polymer volume and the last
term is the rate of internal strain relaxation due to
the flow of the binder:

e = —div(v,) (19)

For the calculations of LMWC mass production
rate m; the equation for the kinetics of thermal
degradation was taken from Ref. 3. It is given in
the Appendix.

After determination of elastic moduli and
volume changes the procedure of stress determina-
tion comes down to solving the equations of elas-
ticity of powder compact under influence of the
internal pressure Kgé. It should be noted, that in
spite of the presence of the bulk modulus in the
calculations, stresses due to inhomogeneous
shrinkage are of the order of G&, where 8 =5§—§
and § is the volume averaged volume change.® We
shall denote the contribution of stresses due to
volume change to the internal pressure as Pr.

The next origin of internal stresses is the particle
interaction in the course of deformation. They are
due to the local mismatch between powder skeleton
and binder displacements and depend on the
properties of the powder skeleton. Generally, the
skeleton exhibits viscoelastic properties. The usual
assumption is that strain rate satisfies a Maxwell
model:

. P, P,
d=—+— 20
K; Ns ( )

where K; is the bulk elastic modulus and #; is the
bulk viscosity of the skeleton and P; is the pres-
sure, which arises in powder compact. Above
equation and utilization of the Frankel-Acrivos
approach!? for the viscous and elastic properties of
the densely packed suspension leads to the follow-
ing formula for the pressure:

t

P, = JKSS exp(% (x —1))dx (21)

where Gp, u are shear elastic modulus and viscos-
ity of the binder. The total pressure is a sum of the
two terms:

P=Pr+P, (22)
Boundary condition for (16) was
P=Py,,—P.ats (23)

where Py, is the ambient pressure. P, is the capil-
lary pressure, which was calculated in the form:!3

Po="" (24)

where d is the average particle diameter.
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4 Criterion of Defect Formation

The optimization of the debinding process is
impossible without some criterion of the ‘bad’
technological regime. In Refs 3 and 14 a new frac-
ture criterion for the specimen during debinding
was put forward. The criterion is based on the
prediction of maximum vapour pressure in the
volume of the powder compact. The condition is
similar to the condition of boiling for liquids and it
is assumed that if vapour pressure becomes greater
than external one, the active bubble formation
leads to the destruction of the workpiece. In our
notations it is

P, > Py (25)

Condition (25) had some experimental support.>!
It should be noted, that (25) does not depend on
the presence of powder in the binder and the frac-
ture process is completely determined by the prop-
erties of the binder.? This can give a reasonable
first approximation. However if cracking of com-
pacts during debinding is to be properly accounted
for, then the properties of the powder-binder mix-
ture as a whole need to be considered. This is also
done in the theory of drying,!> a process very
similar to debinding.

In order to combine both approaches, we shall
assume that cracking or bloating of the powder
compact are really the result of cavitation, but
cavitation manifests itself visibly only if it is
accompanied by some dilatancy of the powder
compact. This assumption is supported by the fact
that considerable internal close porosity associated
with ‘boiling’ of the binder was never observed in
the powder compacts either during debinding or
during drying without skeleton deformation.

In particulate materials dilatancy can be
observed even in the case of compressive loading.
Dilation of powder occurs in response to the
deviatory strains. If the particles are densely
packed, they must move into a looser configuration
for deformation to take place.'® As a condition of
dilatant particle rearrangement we shall use the
Drucker-Prager approximation of the Mohr—Cou-
lomb friction criterion, which relates the shear
stress Ty along some plane in the powder compact
to the stress oy normal to the plane and the adhe-
sive force o between particles.®

Iy =0y + oytang (26)

where ¢ is the friction angle. Deformation of the
particulate material occurs if the above equality 1s
satisfied for some plane. In the Drucker—Prager

approximation stresses are replaced by the corre-
sponding invariants of the stress tensor. We shall
use this condition in the form

T
—— =Py+1 2
tang 0 1/3 ( 7)

The first invariant I; of stress tensor was taken
positive for compressive stresses. The friction angle
of powder medium depends on the type of particle
packing and friction conditions between particles.
In experiments with SiC particles (2 to Sum) the
friction angle was obtained equal to 18°.!7 We shall
use this value for the assessments. The pressure
— Py is the pressure, which will dilate the powdered
material in the absence of shear stresses. This
parameter characterizes the strength of powder
compact. If condition (27) is met at some element
of the powder compact, the irreversible deforma-
tion of the element becomes possible.

The second condition, which is necessary for
defect formation is the condition of cavitation:

Pv>P+Pout (28)

where the internal pressure P was calculated

through (22). The vapour pressure was taken in the
form

P, = Pa (29)

The vapour pressure of pure LMWC P is derived
from the Clausius—Clapeyron relationship

AHvap

Py =-——pr

+i (30)

where AH,,, is the enthalpy of vaporization, iis a
constant. The Flory-Huggins relation for the
activity of LMWC is

a = ¢ exp(e2 + x&3) (31)

where &), ¢, are the volume fractions of LMWC
and HMWC, respectively. The numerical values of
all parameters are given in the Appendix.

If inequality (28) is valid and binder is in the
superheated state the internal fluctuations of por-
osity should occur. After porosity formation the
local pressure in the binder becomes

P=P,—(6-1)P, (32)

where P, is the capillary pressure and 0 is the por-
osity formed by cavitation. P, is given by

P.=P,—~ P (33)
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where P; is the pressure in the liquid phase and (32)
is the result of the representation of the pressure as
the volume average parameter.

P=(1-6)P,+6P, (34)

Local porosity is small and cannot grow if it is not
accompanied by the deformation of powder skele-
ton. Note that binder remains in the superheated
state even after formation of cavities.'® The condi-
tion for irreversible deformation (27) can be
rewritten in the form

T
= > 1 35

where Py — P, corresponds to 7 in (27), Py equals
Py and Py, t7 are invariants of the stresses, which
occur due to non-uniform shrinkage of the powder
compact. In our case the contribution of the capil-
lary pressure to the strength of the powder com-
pact is negligible in comparison with other terms.

Parameter ¢ becomes large in two different cases:
if non-uniformity of the shrinkage is considerable
and 7 is large or if the vapour pressure is large and
denominator of (35) is small. The second case cor-
responds to the fracture criterion (25) and it
describes the bloating in the volume of the powder
compact. Cracking occurs if (35) becomes valid at
the surface of the powder compact. Realization of
the different fracture mechanisms depends on the
elastic properties of the powder compact at high
temperatures. The Frankel-Acrivos approach!?
gives for the effective shear elastic modulus the
following approximation:

G = gGP (gs/emax)

1 36
8 1 - (t’?s/“)max)3 ( )

where ey is the maximum powder loading in the

feedstock. According to (36) the importance of the *

cracking mechanism decreases with decrease of
the shear modulus of the binder and powder
volume concentration.

5 Results of the Modelling

In Refs 3 and 19 detailed numerical calculations
were performed for the prediction of the vapour
pressure in the mouldings and the onset of bloating
according to (25). We shall concentrate on the
prediction of surface cracking with the use of (35).
The maximum value of ¢ at the surface of the
powder compact was used as indicator of damage
development

¢ = max¢ (37)

The computer modelling of thermal debinding was
accomplished for straight cylinders with different
aspect ratio and for slabs with the same aspect
ratio in cross-section. The half of the cylinder and
the quarter of the slab were meshed into 400 ele-
ments. The typical distribution of the parameter ¢
in the volume of the 3mm diameter cylinder is
given in Fig. 1. The maximum values of ¢ are
reached in the middle of the lateral surface and
butt ends of the cylinder.

Numerical modelling needs detailed specification
of all physical parameters. The diffusion coefficient
D, viscosity u and degradation rate of polymer
were taken from?® where careful measurements for
poly-alphamethylstyrene were carried out. All
values of the variables used in the calculations are
given in the Appendix.

Numerical modelling of transport processes gives
opportunity for the calculations of weight loss
during thermal debinding. In the present case the
diffusion of LMWC is the main transport mechan-
ism. The diffusion coefficient exponentially increa-
ses with temperature and outward LMWC
transport does not decline during all initial stages
of debinding in spite of the smoothing of con-
centration gradient with time. The weight loss
curves for the 3mm diameter rod (it is a cylinder
with aspect ratio 1:7) are given in Fig. 2. It is clear
from the picture that debinding with a higher
heating rate is the least time-consuming, but the
increase of heating rate is restricted by the damage
to the workpiece.

The internal stresses and parameter ¢, in the
workpiece are very sensitive to the rate of heating
and dimensions of the part. In line with experi-
mental investigations® the heating of the powder
compact with poly-alphamethylstyrene binder
from 230° to 330° was considered. The internal

§#8 o0.062.0.256
B8E  0.256.. 0.451
0.451..0.645
0.645.. 0.839
0.839.. 1.034
1.034.. 1.228

Fig. 1. Typical distribution of the fracture parameter ¢ in the
volume of the rod during debinding. Heating rate 2°Ch-1,
T=270°C.
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elastic stresses were calculated and maximum value
of ¢ was assessed. Parameter ¢. as a function of
temperature for the different heating rates in the
case of 3mm diameter cylinder with the aspect
ratio 1:7 is given in Fig. 3. Experiments in this case

predict the critical heating rate between 1°h~! and

2°h~!. Calculations give good agreement with
experiments in spite of unknown real elastic prop-
erties of the powder compacts in the experiments.
The parameter ¢, in the workpiece increases with
the heating rate.

The level of the stresses is conditioned by the
volume-to-surface ratio of the part. The increase of
the cylinder dimensions intensifies the pressure
build up. Figure 4 shows results for the parameter
¢, for cylinders with 3 mm and 5 mm diameters and
equal heights at heating rates of 2°Ch~! and

Weight loss (wt %)

220.00 240.00 280.00 300.00

260,00
Temperature,°C
Fig. 2. Weight loss for 3 mm diameter rod.

3.00 —
h
¢
c

200

1.00 —

000 N L B

220.00 240.00 260.00 280.00 300.00

Temperature, °C

Fig. 3. Evolution of the parameter ¢¢ for different heating
rates in the case of 3 mm diameter rod.

0-2°Ch~1, respectively. The parameter ¢. is com-
pared for 3mm diameter cylinders with 1:7 aspect
ratio and with height equal to the diameter in
Fig. 5. It is important to note that if we decrease
shear elastic modulus or increase friction angle to
fit theoretical calculations for 3mm diameter
cylinders to experimental data, the theoretically
predicted critical heating rates for 5mm diameter
cylinders fall into the experimental range (see
Fig. 6).

Finite element modelling offers strong potential-
ities for the debinding imitation for parts of arbi-
trary shapes. The comparison of the critical
heating rates for a 3mm cylinder with the aspect
ratio 1:7 and the slab with the same ratio of height

0.80 —

0.40 —|

00 N I I
220.00 240.00 260.00 280.00 300.00
Temperature, °C

Fig. 4. Evolution of parameter ¢¢ during debinding of 5mm
diameter rod with heating rate 0-2°Ch~! and 3 mm diameter
rod with heating rate 2°Ch~!

1.60 —

0.80 —

000 A ) B S B
22000 240,00 260,00 280.00 300.00
Temperature,"C

Fig. 5. Influence of the aspect ratio of 3mm diameter cylin-
ders on the evolution of the fracture parameter.



1008 A. Maximenko, O. Van Der Biest

d&=5mm

experimental minimum

i calculated minimum
100 — - - - - - - = : dangerous 9.
' experimental' minimum dangerous
: heating rates, for 3 mm cylinder
: 4
I

! ' | °Ch
0.00 1.00 200 3.00
Heating rate

Fig. 6. Scheme of the comparison with experimental data.

3.00 —

200 —

Critical heating rate, °C/h

slab

0.00 .
200

I T I T ]
3.00 4.00 5.00
Size of the workpiece, mm

Fig. 7. Critical heating rates for the infinite slab and 3mm
diameter rod.

10.00 —
8.00 —
6.00 —|

4.00

Heating rate, °C/h

d=3mm
200 —

d=5mm
0% — 1 T T T

1.00 1.50 200 250 300
. Extemnal pressure, atm

Fig. 8. Influence of the ambient pressure on the critical heat-
ing rate.

to thickness are given in Fig. 7. The results of Fig. 7
are similar to the results of Ref 19, but the expla-
nation of the effect is different.

An important feature of the debinding process is
its sensitivity to the external pressure. According to
criterion (35) the strength of the powder compact
must increase with increasing external pressure.
Experiments confirmed this conclusion in the pres-
sure range between 0-1 and 0-6 MPa.!* Theoretical
results for the critical heating rates of 3mm and
S5mm diameter rods are given in Fig. 8. As in the
case of the utilization of the fracture criterion (25),
condition (35) gives unreasonably high critical
heating rates at pressure above 0-6 MPa. A possible
explanation of such discrepancy is given in.'# It
may arise because of the assumption about infinite
surface mass transfer coefficient and boundary
condition.!> At higher heating rates resistance to
transfer LMWC across the boundary may become
significant. In any case, theoretical and experimental
results prove the effectiveness of overpressure for
thermal debinding.

6 Conclusions

The present model of the coupled deformational
and transport processes during the thermal
debinding stage of the injection moulding process
allows prediction of the weight loss and internal
stresses in the powder compact during debinding.
It gives strong potentialities for the optimization of
binder removal by the choice of safe heating regime
with maximum weight loss. The model can be
treated as a combination of the approaches of the
theory of drying and theory of debinding. It gives
plausible explanation to the existing experimental
observations and creates some basis for necessary
future experiments about damage accumulation
during debinding or drying.
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APPENDIX

Diffusion constant:3

Dy =Doi(1 — £1)*(1 — 2x€1) exp
{=(1V1(0) + p22¥2(0))/(Vy/w) }

Doy = Dyexp(—E/RT)

Vijo = (K /o)y [(c2), + T — (Tg),]
+ (Ki2/w)y2 [(02)2 +T- (Tg)z]

V1(0) = 8-686 x 107* m> kg™

V5(0) = 7-975 x 10~ m® kg ™!

3

m

Ki/w=1-756 x 1076 ——
1/ X kgK
3

_ 5. -7 M
KizJw= 5127 x 10 oK

(c2), = 49-3K
(c2), = 13:27K
E = 38370 J mol ™'
(Tg), = 120K
(T,), = 42K
Dy =6-92x10"*m?s~!
r=0-54
Viscosity of the polymer:3
n = exp(4 + B/(T - Ty))
A =2303(12 - (c2),)
B = 2-303(c1),(c2),
To = Ty — (c2),-

Kinetics of the polymer degradation:?

dy>
Ly
dr Y2

A = Aoexp(—E/RT)
Ay =1-67 x 1016 57!

E = 222000 J mol ™!,

Average diameter
d=10 um.
Elastic properties of the binder:®

of the powder

K, =2-4x10° Pa
Gp = 10 Pa.
Lame constants of the skeleton:'0
A=116-9 x 10° Pa

G =779 x 10° Pa.

1009

particles:

Enthalpy of vaporization® AHy,,=38940J mol™!.

Constant in  Clausius—Clapeyron

equation’

i=122.255. Surface tension o =0-0407 Nm!.





