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The effect of temperature on the value of apparent viscosity was studied on
a ceramic paste based on a-Al,03—ZrO;. This relationship was evaluated by
the capillary viscometer method. It was found that over the temperature range
involved, the paste was described by the constitutive equation of a general
viscoplastic liguid with temperature-dependent parameters. The power law index
and the yield stress are linear functions of temperature and the conmsistency
parameter depends exponentially on temperature.

INTRODUCTION

Knowledge of the constitutive equation and the temperature dependence of
apparent viscosity are prerequisites for a quantitative description of the non-
isothermal flow of ceramic paste, or of isothermal flow at various paste tempera-
tures. A change in paste temperature results from energy dissipation during the
flow. The change in temperature is also associated with a change in properties,
particularly that of apparent viscosity. Under isothermal conditions, the apparent
viscosity or its dependence on the shear rate can be determined by the capillary
viscometer method [1]. Measurements of the rheological behaviour of ceramic
pastes indicate that the pastes exhibit a yield stress. Their behaviour is best describ-
ed by the constitutive equation in the following form:

T = 1o(T) + (S, T) y, (1)

where 7 is stress, 7o is the yield stress, y is the shear rate; for apparent viscosity
it holds that
(8, T) = K(T) ST -1z, @)

where K is the consistency parameter, z is the power law index, and for parameter
S it holds that

S =y 3)
The present study had the purpose to determine the effect of temperature on
the parameters of equation (2) and on the value of yield stress .

TEMPERATURE DEPENDENCE OF THE PARAMETERS
OF THE CONSTITUTIVE EQUATION

The available findings of the effect of temperature on the parameters of equation
(2) indicate that the assumption of their independence of temperature is met only
with some liquids and within a narrow temperature interval (2, 3, 4). With respect
to expressing the temperature dependence of apparent viscosity it was found [5]
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that a satisfactory fit is obtained with the relationship analogous to the exponential
function of a purely viscous liquid in the form

n = A exp (B(T — To)), 4)

where A4, B; and T, are constants. Study [6] established a significant temperature
dependence of the consistency parameter K. Compared to this, the temperature
dependence of yield stress, 7o, and that of the power law index, are negligible.
The explanation is based on the idea that the yield stress is brought about by
temperature-independent mechanical solidification of the liquid. Generalization
of this idea was denied by the discovery of liquids showing a temperature depend-
ence of 7, [7, 8, 9, 10, 11, 12], expressed by the equation

©o(T) = tTi/T, (8)
or
To(T) = 7oi exp [—Z(T — T)], (6)
where 7o is the yield stress value at temperature 7, and Z is a constant.
The temperature dependence of the consistency parameter K is given in the
form
K(T) = A exp (B/T), (7
or
K(T) = K[l + Z(T — Ty, ()
where K; is the value of the consistency parameter at temperature 7, and =
is the power law index.

EXPERIMENTAL

The temperature dependence of the parameters of equation (2) and that of
7o = f(T) was carried out by the capillary viscometer method [1]. Capillaries
having the diameter D = 4.2 x 103 m and lengths L; =5 x 102 m, L, =
=4 X102, L3 =8 X 102m and Ls = 10 X 10—2 m were used in the measure-
ments. The mean flow velocities of the paste through the capillary varied over
the interval of #,€{9.92 X 104 m s-1; 3.92 X 102m s~1). The mixture of
o-AL O3 (80 wt. %) and ZrO;, (20 wt. 9,), cf. Table I, was prepared by homogenizing

Table 1
Characteristics of the oxides employed

. . Particle size Content Specific surface
Designation wm , % area g m-2
o-Al;03 0.1—0.4 83 10.8
Zr0, 0.1—0.6 68 15.0

in ethyl alcohol for 48 hours. After drying, the surface of the particles was activated
by an addition of organic substances. The mixture was pasted by an addition of
10 wt. 9, plasticizer. The tank of the capillary viscometer, filled with the evacuated
paste, was tempered in a thermostat at working temperature 7', which was varied
over the interval of {19 °C; 29 °C). In the course of the experiment, maintenance
of isothermal flow was checked by measuring temperature at the capillary inlet
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and outlet. The data obtained by the measurement were then processed by the
procedure described in [1]. The resulting relationship

P = f(40:/R), (9)

where p is pressure, R is the capillary radius, was corrected for terminal effects
(Ap = pri — Pri+1; AL = L; — L ;). On introducing

7s = R Ap/2L, (10)
the following relationship was evaluated:
s = f(45,/R), (11)

where 7, is shear stress at the capillary wall. Conversion of the quantity (47:/R)
to the shear rate at the wall (dv;/dr)s yielded the diagram of the constitutive equa-
tion, i.e. the function

7s = f(dvy/dr)s. (12)

The experimental values (9) and the evaluated ones (11), (12) are plotted in Figs. 1,
2, 3 and 4 for the individual temperatures.
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Fig. 1. Relationship p = f(492/R). A

20 40 60 80 43, /R
Fig. 2. Relationship p = f(49:/R). s-1
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CONCLUSION

The graphic plot of the constitutive equations in Fig. 4 was approximated by
equations (1) and (2) for all the temperatures using the values of constants listed
in Table II. The temperature dependences of the constants listed in Table II
were approximated in the following forms:

K = 0.845 exp (56/T) kPa s7, (13)

n = 0.98 — 2.55 % 10-2T, (14)

7o = (26.86 — 0.847) kPa. (15)
Table 11

Values of the constants of the constitutive equation for
a-Al,0;—ZrO; paste at various temperatures

T K To
°C kPa s» n kPa
i
19 . 16.32 0.487 10.30
23 | 9.06 0.410 8.20
26 ‘ 8.00 0.305 5.80
28 | 6.00 0.297 2.90
29 | 5.80 0.215 2.10
|

It can be concluded that a change in temperature over the interval 7' € (19 °C;
29 °C> does not bring about any change in the material model in the case of the
a-AlL,0;—Zr0, paste. The temperature dependence of the constants of equations
(1) and (2) are described by equations (13), (14) and (15), and their courses are
in agreement with the characteristics of these relationships published so far.
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VLIV TEPLOTY NA REOLOGICKE VLASTNOSTI KERAMICKE PASTY

Jana Travnitkova, Jifi Havrda, Frantifek Oujifi

Katedra technologie silikati, Vysokd Skola chemicko-technologicka, 166 28 Praha 6

V praci je sledovén vliv teploty na reologické chovani keramické pasty na bazi a-Al,05—Zr0O;-
Metodou kapilarniho viskozimetru byla pro ruzné teploty pasty urcena zavislost viskozity na gra-
dientu rychlosti deformace a vyhodnocena konstitutivni rovnice. Bylo zjisténo, ze v proméfeném
rozsahu teplot T'e < 19 °C; 29 °C > je chovéani pasty popséno konstitutivni rovnici obecné visko-
plastické kapaliny s teplotné proménymi parametry. Idnex toku »n a mez toku 7, jsou linearni
funkei teploty, koeficient konzistence K zavisi na teploté exponenciélné. Prubé&hy teplotnich
zéavislosti reologickych parametra jsou v souladu s publikovanym charakterem té&chto zavislosti.

Obr. 1. Zavislost p = [(49 4/ R).
Obr. 2. Zdvislost p = f(49+R).
Obr. 3. Zdvislost Ts = f(474/R).
Obr. 4. Zavislost Ts = f(dvg/dr)s.

BJIHAHIE TEMIEPATYPLI HA PEOJOTHUECKIIE CBOMCTBA
KEPAMHUYECKOII ITACTDI

fAna TpaBunurosa, Mpu 'aBpaa, ¢partnumer Oynpxn

Hagbedpa mexnonozuu cuauramos Xumuro-mexnonoeunecrozo urcmumyma 166 28 Ipaea 6

B paGore mccirexyeTcs BIIMAHIC TeMIlepaTypsl Ha peosiorMyecKoe TMOBeJCHNE Kepamii-
gecKOH macTel Ha Oade o-A1,03—ZrO2. ITocpestcTBOM KamILIsIPHOI'O BHCKO3HMCTPa YCTaHO-
BUJIN JIJIsI PA3HLLX TEMIEepPaTyp NAcThl 3aBHCHMOCTh BA3KOCTH OT I'PajlMeHT:A CKOPOCTH Hedop-
MalHI M NpeLJIOMKITH KOHCTHTYTHBHOEe ypaBHeHue. BLiT10 ycTaHOBICHO, UTO B H3MEPACMOM
nnanagdoHe temneparyp 7' € <19 °C; 29 °C> moBejleHHe macThl  ONMUCBIBAGTCH KOHCTHMTY-
THBHBLIM yPaBHeHuCM 00riell BHCKO30ILTac THYECKOI FKHIKOCTH ¢ TCMIICPATY PHO H3MEHACMLIMIIL
napamerpaMu. I[okasaTe:Ts MOTOKA M mPECII MOTOKA To ABIHIOTCH . NITHEHHLIMH QYHRLIAMIL
TeMIepaTypbl, KOOPPUINCHT KOHCHCTCHIUMN K 3aBHCHT OT TEGMIepPaTyPHl JKCMOHCHUNAIILHO.
Xojinl TeMICpaTypHBIX 3aBHCHMOCTEIl PeO.TOFHYCCKIX NapaMCTPOB HAXOATCSA B COrNTacHIL
¢ onyO.IHKOBAHHLIM XapaKTePOM ;IAHHBIX 3aBIHCHMOCTEIl.

Puc. 1. Basucusocmy p = f[(45/R).
Puc. 2. Basucumocmov p = f(49/R).
Puc. 3. Basucumocmyv ts = f(45-/R).
Puc. 4. 3asucumocmo ts = f(do/dr)s.

METODA DYNAMICKEHO VAZENIA vyuzivajica zmeny rezonandnej frekvencie
kremenného vybrusu ziskaného v rovine AT patri medzi beine pouzivané metédy merania
hribky a rychlosti nanéSania tenkych vrstiev. Tento zposob sledovania hribky naparovanych
tenkych vrstiev vyuziva i zariadenie MSV 1843/M vyrébané Ustavom pre pristrojovt techniku —
MIKI v Budapesti. Pristroj automaticky riadi proces naparovania tenkych vrstiev pre aplikacie
v elektronike a optike. Spracovanie vysledkov merania v mikroprocesorovej jednotke umoznuje
uréit rychlost naparovania s rozliSenim 0,01 nm s~1. Naparovacia automatika umoziuje napro-
gramovanie aZ 15 parametrov pre kazdu vrstvu a uchovanie tychto parametrov az pre 10 techno-
logickych postupov nanasania tenkych vrstiev. Hribku vrstiev je moiné merat v intervale
0—99,99 pm, rychlost naparovania je nastaviteIné od 0,01 do 99,99 nm s-1. (Sdé&lovaci technika
3/88)

M. Uhrik
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