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A MODEL OF SLIP CASTING
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A mathematical model, considering liquid transfer as diffusion in a binary mizture, was worked out for the
purpose of describing quantitatively the casting of ceramic mizes (slips) into ceramic moulds. Relationships
for the calculation of the kinetics of body formation and solidification were obtained by introduction of
initial and boundary conditions. In deriving the body formation and solidification model, a number of input
conditions and simplifying assumptions had to be introduced. An ezperimental verification of an aqueous
suspension of a — Al;O3 showed that the model was capable of predicting the course of body formation and
solidification during slip casting into a porous mould with an error of less than 9%. In this way, the use of
the simplifying assumptions introduced in deriving the model has been justified.

INTRODUCTION

The course of the slip-casting process (pouring of
suspensions into porous moulds) can be optimized
and controlled when one knows (i) the course of the
kinetics of body formation and (ii) that of the kinet-
ics of solidification. The two items of information can
be gained from the time development of concentra-
tion fields in the system which in turn can be deter-
mined by mathematical modelling of the operation.
As the slip-casting technology allows bodies of arbi-
trary shapes to be prepared, that is bodies of simple
shapes of a plate, cylinder, sphere, as well as various
combinations of the basic shapes, the model must al-
low the required information to be also available in
relation to the body shape.

Preparation of"a mathematical model of body for-
mation and solidification in the course of forming
ceramic bodies by pouring suspensions into porous
moulds is the subject dealt with in the present paper.
The model is based on the balance and constitutive
equation following from the general diffusion theory
[1]. The present study was also aimed at experimen-
tal verification of the results obtained from the model,
and at assessing the suitability of the simplifying as-
sumptions introduced in the resolving of the problem.

Mathematical model of body
formation and solidification

If considering only bodies of simple shapes and
on the assumption that both the suspension and
the body can be regarded as binary mixtures of in-
compressible components, then the basic balance of
weight expressed in various coordinate systems can
be written in the form [2,3]
6:C = 2765 (Desz™ 6, C) 1)
where z is the coordinate in the direction of the liquid
transfer, ¢ is time, Dgs is the effective diffusion coef-
ficient, and m is the coefficient given by the shape

of the body, i.e., for a plate, m = 0, for a cylinder,
m = 1, and for a sphere, m = 3. If Der is independent
of concentration, equation (1) acquires the form

8:C = Degz~™8,(z™8,C). ()

By resolving equation (2) for the selected initial
and boundary conditions describing the body forma-
tion and solidification, one obtaines the time depen-
dence of concentration profiles in the body. Equation
(1) can be resolved by the numerical grid method us-
ing Crank-Nicolson’s differential pattern with spatial
step h and time step % in the form

= Cic1,j1Q27 + G (1+ Q2 +OQF) —
— Ciy1,j41021; =

Ci1,;Q27 + Ci;(1 - Qa2 — Q) +
+ Cig1,; Q]

where

Q= Des k(227 h*) 1 (3)

- and C},j represent concentrations at the nodal points

of the grid. )
THE INITIAL AND BOUNDARY CONDITIONS
1. Body formation

To arrive at the initial and boundary conditions, let
us use the concept of body formation shown schemat-
ically in Fig. 1. In the beginning, the suspension is
in contact with the porous mould in the absencé of
a body. A correctly prepared suspension has its lig-
uid phase homogeneously distributed throughout its
volume, so that at time ¢ = 0, the state is described
by the initial condition C = Cjy. At time ¢ > 0, the
body begins to form as a result of the liquid being
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Fig. 1. Schematic representation of body formation

transported through the body-porous mould bound-
ary. This process is described by the boundary con-
dition h = —Der 6;C. In the case of pouring onto
already formed body, the system contains excess sus-
pension. If the transport of liquid phase through the
suspension-environment boundary does not involve
e.g. evaporation of the liquid phase, then the con-
stancy of concentration at this boundary is described
by the boundary condition éxC = 0. The given cen-
cept may be formulated by means of the following
initial and boundary conditions :

t=0 z € (0; H) c=cg
teo0 z=0 h=-D§;C 4)
z=H 6,C =0,

where H is the height of the suspension column
(head). On converting the conditions (4) into differ-
ential expression, one obtains

i=0

iE(O;N) Ci,j=Cg

j=Jj+1 i=0 Ci_1,j+1=Cijt + hhD™? (5)

i=0 OCnj+1=Cn-1,j41

The system of linear equations (3) obtained, fol-
lowing introduction of (5), is used to calculate the
time development of the cencentration profiles in the
body. Knowledge of these profiles allows the position
of the coagulation concentration at various times to
be established. This position corresponds to the body-
suspension boundary, and thus describes the kinetics
of body formation, i.e. L = L(t), where L is at the
same time the position of the coagulation point and
the body thickness.

Knowledge of the time development of the concen-
tration profile, and that of the body thickness, allows
the mean concentration in terms of time to be calcu-
lated according to the equation

C= L—1/OL C(z) dz. (6)

2. Body solidification

As soon as the body of required thickness has
formed (i.e. after pouring the excess suspension out of
the mould or after the entire volume of the suspension
in the mould has converted into body), the body be-
gins to solidify. At the onset of solidification, the dis-
tribution of liquid concentration in the body is given
by its final distribution following body formation. The
liquid transfer into the porous body proceeds through
the body-porous mould boundary, so that the bound-
ary condition ls = —De;6.C still holds. As a result of
a high humidity of the environment, no liquid evapo-
rates at the body-environment boundary, so that also
the other boundary condition keeps its form 6,C = 0.
On the basis of the given concept it follows that the
boundary conditions introduced for body formation
are analogous to the conditions of its solidification,
and that the initial condition can be described by the
expression ’
t=0 z € (0; L) (7

c=c(z),
which, following rearrangement, has the form

i€ (O: N) Ci».f = C((L‘,t) (8)
The system of equations (3), (5), (8) allows the time
development of liquid concentration in the body, and
the mean concentration in the course of solidification
to be calculated. If one knows the concentration of lig-
uid in the body at which no more significant changes
in volume take place, then it is possible to determine
the time at which the body becomes separated from
the porous mould, on the basis of the known time de-
pendence of the mean concentration, or the time de-
velopment of the concentration field in the body. The
value of liquid concentration in the body at which
the major changes in volume are concluded, can for
instance be established from the dependence of body
shrinkage on liquid phase concentration. The time of
mechanical separation of the body from the mould
then corresponds to the time when the mean con-
centration, or the body surface concentration at the
body-mould boundary, has attained the given concen-
tration value. After that time, no more liquid phase
passes through the body-porous mould boundary and
the body can be removed from the porous mould.

i=0

EXPERIMENTAL

In the case of body formation, the model allows
the time development of the concentration profile,
the mean concentration and the kinetics of body for-
mation’to be calculated. In the instance of body so-
lidification, it permits the time development of the
concentration profile, of the mean concentration, and
the time of body solidification, to be determined. The
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model and the simplifying assumptions can be verified
by comparing the results obtained from the model to
those obtained experimentally. For a proper compar-
ison, the experimental arrangement must correspond
to the conditions for which the model has been pre-
pared and the given relationships calculated In the
given case, the following conditions have to be met:

— unidirectional transmission of the liquid phase
through the system;

— determination of the initial conditions, i.e. distri-
bution of the liquid phase at time t = O;

— determination of the boundary conditions, i.e. the
time dependence of the surface flow of the liquid
pha se, and ensuring zero flow through the other
boundary of the system.

The verification of the system then consists of com-
paring the calculated values with the experimentally
established ones, namely the time development of
concentration profiles in the body, the mean concen-
tration, the body thickness and the time of body so-
lidification.

The experimental verification of the body forma-
tion and solidification model was implemented on
casting a plate-shaped body. The measurements were
carried out on an aqueous suspension of @ — AlsO3 at
concentration C = 0.5263 m3 m~3.

The requirements specified above were ensured by
the following experimental arrangement. The elec-
trolyte employed and the way the suspénsion has pre-
pared ensured homogenous distribution of the solid
phase throughout the volume. The unidirectional
character of transmission was provided by the method
of pouring the suspension onto a gypsum pad, using
the arrangement shown in Fig. 2.

The time dependence of the surface flow of liquid at
the suspension-gypsum or suspension-body boundary
was established by measuring the changes in the vol-
ume of the suspension. Maintaining a constant area

&) —IB
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Fig. 2. Unidirectional plate-shaped body casting. 1 ~ grad-
uated cylinder, 2 — suspension, 3 — gypsum pad, 4 — mois-
ture barrier, 5 — closure.
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Fig. 3. Time dependence of liquid flow. 1 — unidirectional
flow, 2, 3 — multidirectional flow in the gypsum.
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Fig. 4. Schematic diagram of multidirectional liquid flow
through the gypsum mould. 1 — graduated cylinder, 2 —
suspension, 8 — porous mould.

of the suspension or body and gypsum at the body-
gypsum boundary, and moisture-proofing of the gyp-
sum pad according to Fig. 4, proved to be significant
factors ensuring a unidirectional flow of the liquid. In
the given arrangement, it was possible to measure in
a reproducible way the relationships h = h(t) which
showed the course plotted in Fig. 3, curve 1. In the
case when the area of gypsum at the body-gypsum
boundary was larger than the area of the body and
the gypsum pad was not moisture-proofed, quite dif-
ferent and irreproducible courses of the h = h(t) rela-
tionship were obtained (Fig. 3, curves 2 and 3). The.
difference in the results of the two procedures can
be explained by failure to comply with the require-
ment for unidirectional flow of the liquid through the
porous mould, as illustrated by Fig. 4.

In the case of body solidification, the time depen-
dence of surface flow at the body-gypsum boundary
was evaluated from the experimentally established
time dependence of mean body concentration, shown
in Fig. 5.

The saturation of the environment with water
above the suspension level has ruled out vaporiza-
tion of the liquid at this boundary. The time develop-
ment of the concentration profile was determined by
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Fig. 5. Time dependence of mean concentration for body
solidification. Fig. 8. Time dependence of inean concentration for body

formation.

h.108 Verifying the model of body
m.s? formation and solidification
81 The relationships seeked can be calculated from
the mathematical model either by arbitrary choice of
4} initial and boundary conditions, or by using experi-
mentally established values. In the present study, the
calculation was performed for experimentally deter-

200 400 600 t/s mined boundary conditions (Figs. 6 and 9) and for
the following values [2-5]:

Fig. 6. Time dependence of liquid surface flow for body
formation.

h.10¢
m.s!

drying the samples, obtained by slicing the body, at

various time intervals. The time dependence of body 2
thickness and the mean concentration was determined
by measuring the body thickness and the mean con-
centration at various time intervals. The experimen-
tal dependences of surface flow, body thickness and
mean concentration for body formation are shown in ) -

Figs. 6, 7 and 8. For body solidification, the time rela- 300 600 900 t/s
tionships of mean concentration and surface flow are

listed in Table I. The time development of concen- Fig. 9. Time dependence of liquid surface flow for body
tration profiles in the body during its formation and solidification.

solidification is given in Figs. 10 and 11.
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Fig. 10. Time dependence of concentration profile for body
Fig. 7. Time dependence of body thickness. formation.
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Co = 0.53 m3m~3; C = 0.425 m®m~3;
C; = 0.3384 m®m—3;
D =2.45%x10"8 m2s~1;
D, =3.00x10-13 mzs—lPa—l;
D,y = 2.00x10"7 m? s~

Substitution of the values into the model and cal-
culation yielded the relationships plotted in Figs. 12,
13, 14, 15 and 16. The times of body solidification
corresponding to attainment of concentration C, for
varidus body thicknesses, are listed in Table I jointly
with the experimental values for the sake of compa-
rison.

CONCLUSION

The study was aimed at creating a mathematical
model describing the formation and solidification of
green ceramic body during the pouring of suspen-
sions into porous moulds (the slip-casting process). In
deriving the model, various simplifying assumptions
were adopted. Suitability of a proposed model can
only be verified by comparing the results obtained
by calculations with those of experimentally estab-
lished relationships. This comparison is viable solely
when all the requirements introduced in deriving the
model are conformed to during the experimental veri-
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Fig. 11. Time dependence of concentration profile for body
solidification. :
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Fig. 12. Time dependence of body thickness — calculated.
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Fig. 18. Time dependence of concentration profile for body
formation — calculated.
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Fig. 14. Time dependence of concentration profile for body
formation — calculated.

fication. In the given case, there are the following
conditions in addition to tlie preparation of porous
moulds with defined properties:

1. Reproducible preparation of the suspension with
initial homogeneous distribution of the liquid,

2. Determination of the surface flow of liquid during
body formation and solidification at the bound-
ary between the porous mould and the suspen-
sion, as well as between the porous mould and
the body, ‘

3. Securing a zero flow at the boundary between the
suspension and the environment, and between the
body and the environment.

0357

300 600 t/s,
Fig. 15. Time dependence of mean concentration for body
formation — calculated.
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Fig. 16. Time dependence of concentration profile for body
solidification ~ calculated.

Table T

Time of body solidification for various thicknesses

L t (calculated) t (measured)
[m] [s] [s]

3 x 103 830 874
3 x 1073 990 1053
7 x 1073 1220 1296

A comparison of the time dependences of concen-
tration profiles, medium concentration, body thick-
ness calculated from the time of solidification using
the model (cf. Figs. 12, 13, 14, 15 and 16) with the
relationships established experimentally (cf. Figs. 5,
6, 7, 8 and 9 and Table I) shows a satisfactory mu-
tual agreement. The error evaluated by comparing the
courses of the relationships does not exceed 9%.

The results obtained allow to reach the conclusion
that the model of body formation and solidification
describing the processes as diffusion in a binary mix-
ture of incompressible components permits the course
of body formation and solidification during slip cast-
ing (pouring of suspensions into porous moulds) to
be predicted with a satisfactory accuracy.
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Translated by K. Némeéek

MODEL LITi KERAMIKY
MmosLav KovAG, Jiif HAVRDA, FRANTISEK OUJIRE

Ustav skla a keramiky, VSCHT Praha, Technickd 5,
166 28 Praha 6

Aplikaci zobecnéného difizniho piistupu je zavedena
piedstava, ze pienos kapalné fize v technologii liti je vy-
voldn koncentraéni difizi a barodifizi. Barodifize souvisi
s kapildrnim sinim kapaliny v meniscich na nenasyceném
rozhrani suspenze — porézni forma resp. stiep — porézni
forma. Na zdkladé této predstavy byl vypracovin mate-
maticky model tvorby a zatuhovini stfepu pro vypocet
¢asového vyvoje koncentraénich poli, sttedni koncentrace,
kinetiky tvorby stiepu a doby zatuhnuti stiepu.

Ovéfeni matematického modelu tvorby stiepu bylo pro-
vedeno pro vodnou suspenzi a-Al»Oz porovndniin Easo-
vych zavislost{ koncentraénich profilii, stfedni koncentrace
a tloustky stiepu vypoétenych z modelu s experimentdlné
stanovenymi zavislostmi. Model tvorby stiepu fenomeno-
logicky popisujici operaci jako difiizi v bindrni smési ne-
stlagitelnych slozek umoziiuje piedpovidat priibéh tvorby
sttepu s chybou mensf nez 9%.

Obr. 1. Schématické zndzornént tvorby strepu.

Obr. 2. Jednosmérné liti desky. 1-odmérny vdlec, 2-
suspence, 3-sddrovd podlozka, j—vlhkostni izolace, 5-
uzdvér. ’

Obr. 8. Zdvislost toku kapaliny na éase. 1-jednosmérny
tok; 2,3—vicesmérny tok v sddre.

Obr. 4. Schéma vicesmérného prenosu kapaliny porézni
formou. 1-odmérnyj vdlec, 2-suspenze, 8—porézni for-
ma.

Obr. 5. Casovd zdvislost stiedni koncentrace pro zatuho-
vdn{ strepu.

Obr. 6 Casovd zdvislost stiedni koncentrace pro zatuhovd-
ni stiepu.

Obr. 7. Casovd zdvislost tloustky stiepu.

Obr. 8. Casovd zdvislost stiedni koncentrace pro tvorbu
strepu.

Obr. 9. Casovd zdvislost povrchového toku kapaliny pro
zatuhovdni strepu. }

Obr. 10. Casovd zdvislost koncentraéniho profilu pro tvor-
bu strepu.

Obr. 11. Casovd zdvislost koncentraéniho profilu pro za-
tuhovdni stiepu.

Obr. 12. Casovd zdvislost tlousthy strepu — vypoétend.

Obr. 18. Casovd zdvislost stiedni koncentrace pro tvorbu
stifepu — vypoctend.

Obr. 14. Casovd zdvislost koncentraéniho profilu pro tvor-
bu strepu — vypoctend.

Obr. 15. Casovd zdvislost stiedni koncentrace pro zatuho-
vdni stiepu — vypoctend.

Obr. 16. Casovd zdvislost koncentraéniho profilu pro za-
tuhovdni stiepu — vypoétend.
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