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The authors demonstrate a simplified calculation of the radial, tangential
and axial components of the stress arising during isothermal and non-isothermal
firing of a cylindrical kaolin body in the region of dehydroxylation brought
about by temperature and concentration gradients.

It was found that a tensile stress develops at the surface, and a compressive
one at the body axis on both isothermal and non-isothermal firing. During non-
isothermal firing, the surface stress is decreased by the compressive stress due
to the temperature gradient. An increase in the rate of firing a cylindricad
body from 1 K min=! to 5§ K min~1 was found to raise by 30 Y, the maximum
of resultant tensile stress at the surface.

INTRODUCTION

Firing of ceramic bodies in the dehydroxylation region represents a combined
process of mass and heat transfer. It was found [1] that mass transfer can be regarded
as diffusion involving a chemical reaction, and heat transfer as conduction of heat
with a source. A mathematical model of the firing over the dehydroxylation region,
worked out on the basis of this idea, allowed the time development of concentration
and temperature profiles to be calculated for a body having the form of an infinite
cylinder.

Occurence of these fields is closely associated with the stressin the body. Unsuitably
conducted firing may bring about stresses exceeding the instantaneous strength
of the body and cause its failure. Knowledge of concentration and temperature
profiles in the body is indispensable to calculating the stress, from which limit rates
of firing in the dehydroxylation range can be derived.

Studies of firing in the dehydroxylation region have so far been concerned with
calculation of stress due to the temperaturegradient [2, 3, 4, 5]. However, temperature
and concentration fields coexist in the body during its non-isothermal firing in the
dehydroxylation region, so that the stress results from both gradients. During iso-
thermal firing the stress occurs as a result of the concentration gradient only.

The present study had the aim to estimate the stress in a body, developed during
its firing over the dehydroxylation range by both the temperature and the concentra-
tion gradients. It is also assumed that in the course of firing in the dehydroxylation
range, the ceramic body conforms to the conditions of a classical continuum.

THEORY

Firing of a ceramic body in the dehydroxylation region brings about formation
of temperature and concentration gradients in the body, and their existence is
responsible for a stress.
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On the assumption that the temperature dependence of material quantities can be
neglected, analytical solutions concerning the stress in a rotary symmetrical c¢ylindric-
al body are available. One of the procedures is the method of thermoelastic poten-
tial displacement [6, 7] which requires analytical description of the temperature
field in the body.

The temperature field arising during firing at constant rate in a cylindrical body
is parabolic and can be described by the following equation in terms of a dimensionless
radius:

T(v) = 2T — Tp + 2Ty — Ty) 32, (1)

where Ty = (T + 7'p)/2 is the mean temperature of the cylinder, 7' is the tempera-
ture at the cylinder center, 7' is the temperature at the cylinder surface and » = %

is the dimensionless radius.
For the given conditions, the following expression can be derived for the radial
component of the thermal stress [6]:

Eoar
2(1 — p)

where the symbol 7' indicates stress due to the temperature field, £ is Young’s
modulus of elasticity, u is Poisson’s constant and oar is the coefficient of thermal

expansion.
The final expression for the tangential component of the thermal stress has then

the form

of, = (Tp — Ts) (1 — »2), (2)

EG!T
T:,_.~___ /[v _77 _« 2. 5
Oy 2(1 — /‘) ( v 8) (l 31}) (3)
Derivation of the expression for the axial component of the temperature state
of stress is based on generalized Hook’s law [6]. The final formn of this expression
for a generalized planar case is as follows:

o5 = plog, + of) — Eag[T(v) — T4]. (4)

The analytical expressions (2) through (4) for the main components of thermal stress
are of limited validity for the case of a parabolic temperature field and a homogeneous
material [6].

For orientation calculation of the radial, tangential and axial components of the
concentration stress, use can be made of equations (1) through (4) by replacing the
temperatures with the corresponding concentrations of water, and the coefficient
of thermal expansion ar with the coefficient of concentration deformation «. [8].
The adjustments bring about the following equations for the individual components
of the stress:

Eo
O = 51 — gy (Fap — xas) (L — ), ()
E
of = gy (Bap — xa) (1 — 39%), @
of = p(of 4 off) — Eaclxa(v) — xas), (7)

where x45 = (r4p + Z4¢)/2 is the mean concentration in the body, x4, is the con-
centration at the body surface, x4c is the concentration at the body center and
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-
vy = fis the dimensionless radius. The top index K designates stress due to con-

centration gradient in the body.
Relations (5) through (7) can be applied on the assumption that the concentration
field in the body is again parabolic and that the material is homogeneous.
The above equations for the calculation of thermal and concentration stress in
a ceramic body indicate that the following material quantities or their dependence
on temperature or concentration have to be known:

’
— Young’s modulus of elasticity &,

— Poisson’s constant u,

— coefficients of thermal expansion ar,

— coefficients of concentration deformation «,.

Poisson’s constant of ceramic materials has the value of 0.25 to 0.3 according to
2, 9].

Young’s modulus of elasticity of ceramic material containing a clay component,
namely the Podborany kaolin, was determined by static measurement on three-point
bending [9). Over the temperature range of 473 to 1073 K, Young’s modulus was
found to be indistinctly temperature dependent. The mean value was 6000 MPa.

The op values can be obtained directly from dilatometric curves of fired bodies
by the conventional method [10].

Betermination of the o, coefficient may be based on the assumption that the con-
centration deformation of an unfired ceramic body with a content of kaolinitic
clay component can be generally described similarly to thermal expansion [8]:

_AZ(A.’):A)

; = 1Az g + a(Ar4)? — an(Az )", (8)
0

where the coefficients ay are determined e.g. by minimizing the quadratic deviations
of experimental points from the functional values (8). For smaller concentration
gradients AX 4 and changes in length, the linear part only of (8) is usually considered,
where a; = «, can be called the coefficient of concentration deformation. It is then
possible to write

AZ(A.EA)

9
[()AZA ( )

ae(Ax4) =

DETERMINATION OF MATERIAL QUANTITIES

The required material quantities for the calculation of the time development of
the stress during the body firing up to melt formation were measured on the Pod-
bofany kaolin.

The value of «. can be established by measuring changes in length of an unfired
body in terms of the concentration of water remaining in the body at the time the
length change is measured. The residual water concentration value can be determined
from the change in weight of a body which has been removed from the dilatometer,
cooled down and fired at 1173 K to constant weight. The bodies employed were
platelets 111 X50 mm in size, prepared by grinding of cylindrical bodies made
by drawing on a vacuum auger. The platelets were annealed at 573 K to remove
possible rests of technologically necessary water and the interlattice molecular
water originating from the illitic-montmorillonitic component of Podbofany kaolin
(10].
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The changes in length were measured on the platelets by the conventional method
[11] in a quartz tube dilatometer. At the various changesin length and corresponding
temperatures, the platelets were removed from the furnace and cooled down to
298 K. The value of residual water concentration was determined by subsequent
final firing at 1173 K.

The experimentally established points of dependence of the relative body length
onresidual concentration of water werefound to form a straight line by approximation
(cf. Fig: 1) whose slope corresponded to the value of the coefficient of concentration
deformation, which in the case of the Podbofany kaolin had the value

o = 0.05. (10)

The value of the coefficient of thermal expansion ar was determined from the
dilatation curve of bodies of fired Podbofany kaolin, measured on specimens of the
same shape and dimensions as those used in the measurement of «.. The coefficient
of thermal expansion had the value

ar = 0.4 X 1075 K1, (11)
Young’s modulus of elasticity was taken to have the value
E = 6000 MPa, (12)
and Poisson’s constant the value
p = 0.25, (13)

Fig. 1. Relative length of a platelet of Podbofany kaolin in terms of residual water concentration.

A o

CONCENTRATION STRESS DURING ISOTHERMAL FIRING]
OF BODIES INTHE DEHYDROXYLATION REGION

As the concentration field in a body during isothermal firing was found to be
parabolic [1] and the material quantities independent of concentration, the main
components of the concentration stress were calculated according to analytical
relationships (5) through (7) with the use of the material quantities (10), (12) and
(13).
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The values of the three main components of the concentration stress were cal-
culated for the isothermal firing temperatures of 798 K, 823 K and 873 K. A typical
example of a character and distribution of stress in a body at the given time at
873 K is shown in Fig. 2. Calculation showed that the concentration field creates
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Fig. 2. Example of the courses of radial cX., tangential X and axial o¥, components of stress due to

concentracion field in the body in the 40th minute of isothermal firing at 873 K.

in the body the stress whose radial component ¢E is compressive in character over
the entire body diameter. The tangential component o as well as the axial component
oX are tensile in character at the body surface and compressive at the centre. The
same conditions were found for all the times at the other temperatures.

The calculations further showed that the maximum values of tensile concentration
stress occur at the body surface where it holds that ¢f = ¢Z. The time course
of the maximum values of tensile stress for isothermal firing temperatures of 798 K,
823 K and 873 K are plotted in Fig. 3. It appears that the rate at which tensile
stress increases at the surface is highest at 873 K (cf. Table I).
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Fig. 3. Time dependence of maximum tensile concentration stresses ot and c¥, at the body surface
during isothermal firing in the dehydroxylation range at 798 K (1), 823 K (2) and 873 K (3).

Table 1

Comparison of the rates of increase in tensile stress at the
body surface at various temperaturcs

T _ w
K !‘ MPa min—t
798 | ~ 0.05
823 i =~ 0.1
873 ~ 0.4

STRESS DURING NON-ISOTHERMAL FIRING OF A BODY
IN THE DEHYDROXYLATION REGION

The following can be said of the conditions in a body during non-isothermal
firing:

— over the temperature region before the beginning of dehydroxylation, there
is just a temperature field in the body,

— over the dehydroxylation region, both temperature and concentration fields
exist in the body,

— after concluded dehydroxylation, only the temperature field remains again
in the body.

This means that before the onset of dehydroxylation and after its conclusion,
the stress occurring in the body is due to the temperature field only.

It may therefore be expected that in the dehydroxylation region thermal stress
oX, of,, and oZ (cf. equations (2) through (4)), and concentration stress oX, o&
and o£ (cf. equations (5) through (7)) develop in the body whose effects at one point
of the body add up to the resultant stress ¢%7, ¢&'T and ¢X 7.
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A simplifying idea of deformation behaviour of ceramic material in the dehydroxy-
lation region was used in calculating the stress in a body during non-isothermal fir-
ing. The ceramic material was assumed to expand over the entire temperature in-
terval of 573 K to 1073 K and its behaviour was considered to be characterized by
the coefficient of thermal expansion ap. It was further assumed that the non-line-
arity of changes in length over the dehydroxylation region was due to changes
in concentration in the material, and that its behaviour in this region was charac-
terized by the coefficient of concentration deformation «.

The components of concentration and thermal stress were calculated according
to the above equations using the material quantities (10) through (13).

Adding the individual components of and ¢¥, of and 0%, oZ and ¢X at the same
coordinate yielded the courses of the individual components of the stress and their
resultants 0% 7, ¢&7T and ¢E T for the temperature increase rates, at the body
surface, of 1 K min—1 and 5 K min—1.

The individual components of the stress in the body in the dehydroxylation region
are plotted in Fig. 4 for the heating rate of 1 K min—! at the body surface. The
character of the components of concentration stress is obviously the same as in the
case of isothermal firing. During non-isothermal heating, the stress is also affected
by thermal stress, whose radial component ¢Z is tensile in character over the entire
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Fig. 4. The courses of radial o}, oy, tangential of, cX and azial 0%, 60X components of the stres &
due to temperature (1) and concentration (2) field in the body on firing at a rate of 5§ K min~1.
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body diameter. The tangential component ¢} and the axial one ¢Z are compressive
in the surface areas of the body and tensile at its centre. Fig. 4 indicates that the
greatest tensile stress occurs at the body surface as a result of components ¢X and
ok while the effect of component of reaches over greater distances from the body
surface than that of component ¢X.

An example of the course of the tangential component of the concentration
and thermal stress and their resultant for a heating rate of 5 K min—! for one time
of firing is shown in Fig. 5. It appears that according to assumptions introduced
with respect to deformation behaviour of material in the dehydroxylation region,
thermal stress o7, at the body surface decreases the value of tensile concentration
stress oX, so that the resultant tensile stress at the body surface, o7, is smaller
than the value of ¢&. The same conditions were also found for the axial component
& T (cf. Fig. 4).

Fig. 5. The course of the tangential component of thermal ¢; and concentration ok stress and their
resultant ay’ T, arising in the body in consegquence of the temperature field (1) and concentration field
(2) at a firing rate of 5 K min—1 in the 65th minute of firing from temperature To = 673 K.

The shape of the time course of the maximum value of component ¢%:T and ¢X% T
at the body surface is associated with the firing rate (cf. Fig. 6). At a firing rate of
5K min~! the rate of increase in 657, ¢& T at the body surface is about 0.6 MPamin=1,
and at a firing rate of 1 K min-! the value is about 0.15 MPa min-1, i.e. four times
lower.
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On comparing the maxima of these courses of tensile stress at the body surface
at both heating rates one sees that at the firing rate of 5 K min—! the value of the
maximum is higher by 309, than that at the firing rate of 1 K min~t (cf. Fig. 6).
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Fig. 6. Time course of the maximum values of the tangential component of stress 6X: T and maximum
values of the axial component o%; at the body surface at a firing rate of 5§ K min~! (1) and of 1 K min™!
(2). T'he initial time T = 0 corresponds to equalized body temperature of 573 K.

CONCLUSION

Calculations of the development of stress during isothermal as well as non-iso-
thermal firing of cylindrical bodies of Podbofany kaolin, having the coefficient
of thermal expansion ap = 0.4 X 10-5 K-1 and the coefficient of concentration
deformation a, = 0.05, allowed the findings to be summarized into the following
points:

— on the assumption that kaolinite being fired in the dehydroxylation region con-
forms to the conditions of an elastic continuum, it is possible to use the equations
to estimate the radial, tangential and axial components of the stress arising as
a result of temperature and concentration gradierits,

— during isothermal firing, the stress ¢¥ is associated solely with the concentra-
tion gradient. The maximum tensile stress arises at the body surface and is repre-
sented by components of and ¢X, the components being equal. The maximum
compressive stress at the body centre is due above all to component ¢Z,

— during non-isothermal firing in the dehydroxylation region, the resulting
stress ¢X-T is due to both gradients. The resulting stress at the body surface ¢%'7 =
= X T is tensile in character and due to concentration gradient associated with
components ¢ff = gK. The stress is favourably decreased by compressive stress
due to temperature gradient, and associated with components ¢} = 0%,

— an increase in the rate of firing a cylindrical body from 1 K min—1to 5 K min—!
raises the maximum of resultant tensile stress at the body surface by 309,.
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VYVOJ NAPETf V KAOLINOVEM TELESE PRI VYPALU V OBLASTI
DEHYDROXYLACE

Yvona Mazaéov4, Jifi Havrda, Vladimir Hanykyt, Milan Svarc*

Vysokd skola chemicko-technologickd, katedra technologie silikdte, 166 28 Praha
*Stdtni vyzkumny ustav pro stavbu stroji, Béchovice, 190 00 Praha

V préci jsou uvedeny vztahy pro vypocet radidlni o,r, obvodové o a 0sové o slozky napja-
tosti pri vypalu vélcového télesa vyvolané koncentraénim a teplotnim gradientem. Vztahy
vychézeji z pfedpokladu, ze keramické téleso v oblasti dehydroxylace spliuje podminky elastic-
kého kontinua.Vypocéet je proveden pro izotermni a neizotermni vypal télesa kaolinu Podborany,
pro ktery jsou v préci experimentélné stanoveny hodnoty koeficientu teplotni ar = 0,4 . 10~3 K~!
a koncentraéni o = 0,05 deformace. Bylo zjisténo, Ze pfi izotermnim i neizotermnim vypalu je
na povrchu tahova a v ose télesa tlakova napjatost. Pii neizotermnim vypalu je na povrchu
vyslednéd tahova napjatost snizovéna tlakovou napjatosti vyvolanou gradientem teploty. Sou-
éasné bylo zjiSténo, Ze zvyseni rychlosti vypalu vélcového télesa z 1 K min—! na 5 K min~!
zvySuje maximum vysledné tahové napjatosti na povrchu télesa o 30 9.

Obr. 1. Relativni délka destiky z kaolinu Podbofany v zdwvislostt ma koncentraci zbytkové vody.

Obr. 2. Priklad pribéhu radidini oX, obvodové oX a osové oF, slotky napjatosti vyvolané v télese
koncentraénim polem ve 40. minuté izotermniho vypalu p¥i teploté 873 K.

Obr. 3. Casovd zdvislost maximdlnich tahovych koncentradénich napéti oX a oX na povrchu télesa
pfi 1zotermnim vypalu v oblastt dehydroxylace pFi teplotich 798 K (1), 823 (2) a 873 (3).

Obr. 4. Prabéh radidlni oY, ok, obvodové o, X a osové o7, o slofky napjatosti vyvolané templot-
nim (1) a koncentraénim (2) polem v télese p¥i vypalu rychlosti 5§ K min~1.

Obr. 5. Prabéh obvodové slotky teplotni o, a koncentraéni oX napjatosti a jejich vyslednice af'T
vyvolané v télese teplotnim (1) a koncentraénim (2) polem pii rychlosti vypalu 5 K min~1
v 65. minuté vypalu od teploty To = 673 K.

Obr. 6. Casovy pribéh maximdlnich hodnot obvodové slofky napjatosti 6X: T a maximdlnich hodnot
0s0vé slotky oX; T na povrchu télesa pit rychlosti vypalu 5 K min—t (1) a 1 K min—1 (2).

Podldteéni ¢as T = 0 odpovidd ustilené teploté v télese 573 K.
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PA3BUTHUE HATIPAK)YEHUNA B KAOJIUHOBOM TEJE
NP OBWUTE B OBJIACTUN JETUJPOKCUIAIINN

NBona Ma3auoBa, Upxu laBpna, Baanumup Tassiknpm, Munian IlIBapn*

kagiedpa mernoa02UU CUAURAMO8 X UMUEO-METHOA0ZUNECKEO20 UHCMUMYma,
16628 Ilpaca

*I'ocyOdapcmeennbiii HayuHo-Uccedo6amenbckuilt uncmumym 0as KOHCMPYKYUU MAULUH,
Bexosuye, 19900 Ilpaza

B pa®ore npuBOAATCS OTHOINEHHA JUIA paccyeTa pajHalibHOTO Orr, KOHTYPHOL'O Oy M OCe-
BOIO 0Oz; KOMIIOHEHTd HANPSKEHHOCTH INPH O®KUI'e UMIMHAPHYECKOIO TeJla, BHI3BBAHHON
rpajiieHTOM KOHIIEHTPauuN u TemnepaTypel. OTHOIIEHHsT OCHOBLIBAIOTCA HA NPe/II0JI0)KeHUN,
YTO KepaMHuecKoe Teyi0 B 00JIaCTH AErMAPOKCHIISIHUA OTBeYaeT YCJOBHAM 3IIacTHYECKOTO
KOHTHHYYMa. PaccueT mpoBogmiIn JUIsT N30TEPMUYECKOr0 M HEM30TEPMHYECKOro O®KHI'A
tena u3 kaoinuHa Ilog@opskaHw, miA koToporo B pafoTe YCTAHOBJIEHLI BeJIMYMHBI KO3(-
¢unuenrta remnepaTypHoit ar = 0,4 . 10~5 K~! 1 koHueHTpannonHoi «. = 0,05 aedopmaruu.
Bruro ycTaHOBII€HO, UTO NMpPH H30TEPMHYECKOM U HEM30TEPMUYECKOM O®KHre HaXOMUTCH
HA MOBEPXHOCTH HANPSAKEHHOCTh HA PacTsIKeHHe I B OCH HaNPAKEHHOCTh Ha cxaTue. [Ipu
HeH30TeDMHYECKOM O@KHre HAa NOBEPXHOCTH OKOHYaTellbpHAasd HANPSKEHHOCTh HAa pacTA-
JKeHHe IIOHM’KaeTCA B pe3yJIbTaTe HaNps’KeHHOCTH Ha C)KaTHe, BhI3BAHHON TIpajiMeHTOM
TemmepaTyphl. OXHOBpeMeHHO OBIZIO YCTaHOBIIEHO, YTO MOBbIHIEHHE CKOPOCTH OOKura Iu-
auHApnyeckoro Tejla ¢ 1 K MumH~! mo 5 K MumH™! 110BINaeT MAaKCHMMYM OKOHYATEJILHOH
HanpPAKeHHOCTH Ha pacTsKeHue Ha MOBEPXHOCTHU Tejla Ha 30 %.

Puc. 1. Omnocumeavhas Odauna naacmurku us kaosumna ITod6opucanvt 6 zasucumocmu om
KOHYEHMPAYUU 0cmamoxHoti 600bl.

Puc. 2. IIpumep zoda paduaabmozo oX, Konmyprozo of% u ocesozo0 oX, komnonenma wanpa-
HCEHHOCMU, 6bI36AHHOL 6 Meae KOHYEHMPAYUOHHBIM NOAEM 6 COPOKOBOL MUMYME UB0-
mepmuneckozo obxacuza npu memnepamype 873 K.

Puc. 3. Bpemennas aasucumocmv MAKCUMAALHOIZ KOHUYEHMPAYUOHHBIL =~ HANDAXCEHUN Ha
pacmancenue of u 0%, Ha noseprrocmu mesa npu usomepmuueckom obucuze ¢ obaacmu
decudporcuaayuu npu memnepamypaz 798 K (1), 823 (2) u 873 (3).

Puc. 4. X00 paduaavnozo of., oK, xonmyproeo o, of u ocesozo o, o, xomnonenma nanpsa-
Hcenrocmu, 6vlaéanmoti memnepamyprsim (1) u Konyenmpayuornblm (2) nosem ¢ meae
npu obxcuze ckopocmuio § K mun-1.

Puc. 5. Xod kommyprozo Komnnonewma memnepamypHoii O} U KOHYEHMPAYUOHHOW Ok
Hanpaxcennocmu u ur pasnodeticmeyiowas o T, 6blagaHHoOl 6 mene memnepamypHbim
(1) u komyenwmpayuonnvim (2) noaem npu ckopocmu obxcuza & K mun=' ¢ 65-oit
munyme obmcuza npu memnepamype To = 673 K.

Puc. 6. B'éne.ue;mbni 200 MAKCUMALLHBIT 6EAUNUH KOHMYDPHO20 KOMNOHEHMA HANDAHEHHOCMU
o' T, U MAKCUMAABHBIT 6eAUMUN 0ce6020 KomNonenma 0T ma noseprrocmu meaa
npu ckopocmu obucuza 5§ K mun=t (1) u 1 K mun- (2). Havasvroe epems v = 0
omeexvaem ycmanosusueiica memnepamype 6 meae 573 K.
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