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The capillary viscometer method was used to determine the constitutive
equation for two a-Al.0; pastes with different submicron particle sizes. Over the
shear rate interval measured the two pastes are described by the constitutive
equation for the generalized viscoplastic liguid. With increasing shear rate, the
paste with the larger particle size shows a change tn rheological behaviour and
exhibits dilatancy. It was also found that the critical stress corresponding to the
rapid increase in the paste viscosity and subsequent forcing the plasticizer out of
the paste, increases with decreasing particle #ize.

INTRODUCTION

The preparation of high — tech. ceramics with a controlled and reproducible
microstructure depends on the state of the initial powdered mixtures and on
mastering the respective technological processes. Attainment of the theoretical
density and fine-grained microstructure necessitates employment of powdered
mixtures with a monodisperse submicron particle size. Such powdered mixtures
exhibit high sintering activity which, together with attainment of minimum poro-
sity before sintering, is a prerequisite for the preparation of high-density products.
Compliance with this requirement is associated with the forming technology
chosen. In the case of forming of ceramic pastes it is necessary to resolve plasti-
fication of the powder and control of the paste flow in agreement with the micro-
structure required. The uniformity of densification in the body volume determined
by orientation of particles, distribution uniformity of additives and pores, etc.,
depend on the velocity field arising during the paste flow. Control of the paste
flow is related to quantitative description of the process which in turn requires
the constitutive equation of the ceramic paste to be known.

The present study is aimed at determining to what extent a change in the particle
size in the submicron region affects the rheological behaviour of ceramic paste.

Evidence on the effect of particle size on the behaviour of ceramic pastes during
flow is provided by the fact that, with increasing particle size, there occurs a de-
crease of the critical stress corresponding to an abrupt and rapid rise in viscosity,
when the plasticizer is forced out of the body and the paste ceases to flow [1].
The so-called volume expans1on [2,3,4]is usually held responsible for this dilatant
behaviour of suspensions or pastes. As follows from the schematic representation
of this phenomenon in Fig. 1, the attainment of the critical stress or critical shear
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Fig. 1. Volume expansion in concentrated suspensions.
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rate brings about restructuring of the mutual arrangement of particles. At stand-
still or at low shear rates, the particles are densely packed with a plasticizer layer
on the surface (cf. Fig. 1a). At high shear rates the arrangement of particles is
looser (cf. Fig. 1b), i.e. the particles are incapable of filling in the gaps, volume
expansion occurs, and mutual friction between the particles inhibits flow and the
plasticizer is forced out into free areas.

EXPERIMENTAL

The effect of particle size on the rheological behaviour of ceramic pastes, charac-
terized by differences in their particle size, was assessed by comparing the consti-
tutive equations of the paste. The measurements were carried out on two «-AlL O3
pastes having the parameters listed in Table I. The powders were worked into
paste form by mixing with a plasticizer (Al;03 (J)—10 wt. %; A,O3 (H) — 8 wt. %,).
Owing to the greater specific surface of the Al,O; (J) particles, the optimum pasty
state was achieved with a plasticizer addition higher by 2 wt. %,. The paste obtained
was evacuated and tempered at 7' = 23 °C. The capillary viscometer method [5]

Table 1
The characteristics of the oxides employed
! [
| . . .
Designation I Particle size, ‘ Cor;tent Specxﬁc_z:rea.

| pm | % gm

‘ |
Al0; (J) 0.1—0.4 83 10.8
ALO; (H) 0.1—0.8 ) 76 ' 7.1

|

was used to evaluate the constitutive equations of the pastes. The Al,O; (J) paste
was measured with capillaries having the lengths L; = 10 X 102m and L, =
= 4 X 10~2 m with a diameter D = 4.2 x 10-3 m over the range of medium paste
flow rate through the capillary, o€ {9.12 X 104 ms71; 3.92 X 10-2 m s~1).
In the case of the Al,O3 (H) paste, use was made of capillaries with L; = 5 X 10-2 m,
L,=4 x 102mand D =42 x 103mand L; =8 X 102m, L, = 5 X 102 m
with D = 6.9 x 103 m over the range of #,€ ¢3.68 x 104 m s1; 7.11 X
X 10-2m s-1). The experimentally established relationship

p = f(4n/R), (1

where R is the capillary radius and p is the pressure, was corrected for terminal
effects (Ap = pri — pLi+1; AL = Ly — L; ;). Introduction of

1s = R Ap/2L, (2)
where 75 is shear stress at the capillary wall, produced the dependence
Ts = f(49:/R). (3)

Conversion of the quantity (4z,/R) to the shear rate at the wall provided a plot
of the constitutive equation, i.e. the relationship

Ts = f(dvg/dr)s. (4)
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The experimental relationship (1) and the evaluated ones (3), (4) are plotted in
Figs. 2, 3 and 4 for Al,O; (J), and in Figs. 5, 6 and 7 for AL,O; (H).
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Fig. 2. Relationship p = f(4¢z/R) for Al,0; (J).
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Fig. 3. Relationship Ts = f(40z/R) for AL,O; (J).
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Fig. 4. Relationship 15 = f(dvz/dr); for Al,O5 (J).
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Fig. 5. Relationship p = f(49,/R) for Al,O3 (H).
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Fig. 6. Relationship %, — f(4/R) for AL,0, (H).
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Fig. 7. Relationship ts = f(dvz/dr), for Al,03 (H).
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The graphic plot of the constitutive equation of the Al,O; (J) paste in.Fig. 4
was approximated by the equation of the general viscoplastic material model in
the form

75 = To + K(dv/dr)?, , (5)
with the following values of the constants:
7o = 6.0 kPa; K = 6.54 kPa s7; n = 0.472. (6)

The course of the graphic plot of the constitutive equation for the Al O; (H)
paste was divided into two intervals (49;/R) describing the change in the rheo-
logical behaviour in terms of the shear rate. Over the interval of (45;/R) € {0 s71;
1081y, the relationship was approximated by equation (5) where the constants
have the following values:

7o = 1.07 kPa; K = 5.9 kPa s7; n = 0.376. (7

Over the interval (49;/R) e (10s~1; 80 571> the constants in equation (5) had the
following values:

To = 14.5 kPa; K = 0.04 kPa s7; n = 1.545. (8)

Measurement of the rheological behaviour of paste A,O; (H) showed that at the
flow rates of the paste through the capillary, coresponding to the values (4%;/R) >
> 80871, there occurs an abrupt increase in shear stress, the paste ceases to flow
through the capillary and the plasticizer is forced out of the paste.

CONCLUSION

On the basis of the experiments performed, the findings concerning the effect
of submicron particle size on the rheological behaviour of ceramic paste can be
summarized into the following points:

(i) to achieve the same pasty state with a mix containing smaller particles
with a greater specific surface area it is necessary to used a higher amount of plasti-
cizer,

(ii) over the entire range of (45;/R) € (0 s71; 80 s~1) the constitutive equation
of the AL,O; (J) ceramic pastes in the form (5) with the values of the constants
according to (6) corresponds to a generalized viscoplastic material over the entire
range of (47;/R) € (0 s™1; 80 571,

(iii) the Al,O; (H) ceramic paste exhibits a change in its rheological beha-
viour with increasing shear rate. Over the interval of (45;/R) € (0 871; 10 s71) the
constitutive equation corresponds to that of generalized viscoplastic material (5)
with the values of the constants given in (7). Over the interval of (45,/R) € (10 s71;
80 s—1) the paste exhibits dilatant behaviour described by equation (5) where
the constants have the values given in (8),

(iv) with the ceramic pastes composed of larger submicron particles, Al;O3
(H), a rapid increase in viscosity followed by squeezing out of the plasticizer,
occurs when exceeding the critical stress, 7s > 65 kPa. Under this stress, the
AL O; (J) paste exhibits satisfactory flow properties. The value of critical stress
therefore increases with decreasing particle size.
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VLIV VELIKOSTI CASTIC NA REOLOGICKE VLASTNOSTI
KERAMICKE PASTY

Jana Travnickovd, Jifi Havrda, Frantisek Oujifi

Katedra technologie silikeatie, Vysoka Skola chemicko-technologickea, 166 28 Praha 6

V préci byl sledovan vliv velikosti ¢dstic na reologické chovani keramické pasty a-Al,O;
vyjadiené jeji konstitutivni rovnici. Dvé& pasty s odlidnou submikronovou velikosti ¢astic byly
uvedeny do plastického stavu piidavkem organického plastifikatoru. Bylo zjisténo, ze pasta
s jemnéjsimi Casticemi vyzadovala k dosazeni stejného pastovitého stavu o 2 9, hmot. vé&tsi pii-
davek plastifikatoru. Konstitutivni rovnice obou past byla stanovena metodou kapilarniho
viskozimetru. Ve stejném intervalu gradientu rychlosti smykové deformace jsou ob& pasty popsany
konstitutivni rovnici obecné viskoplastické kapaliny. U pasty s v&tsi velikosti ¢dstic dochdzi
s rostoucim gradientem rychlosti deformace ke zméné reologického chovani a projevu dilatance.
U této pasty pii piekroceni kritického napéti s > 65 kPa dochdzi rovnéz k vytlatovani plasti-
fikdtoru z pasty. PFi tomto napéti pasta s mendimi ¢dsticemi vykazuje dobré tokové vlastnosti.

Obr. 1. Vznik objemové expanze v koncentrovanych suspenzich.
Obr. 2. Zavislost p = f (494 R) pro Al,0s (J).

Obr. 3. Zavislost Ts = f(49./R) pro Al,O; (J)-

Obr. 4. Zavislost T; = f(dv,[dr)s pro Al;03 (J).

Obr. 5. Zavislost p = f(49/R) pro ALLO; (H).

Obr. 6. Zavislost Ts = f(49;/R) pro Al;03 (H).

Obr. 7. Zavislost T; = f(dvg[dr)s pro Al,O; (H).

BIUAHUE PA3MEPA YACTUL HA PEOJOTMUECKHE CBOHCTBA
REPAMHUUECKOW IMACTHI

flra TpaBHuuxoBa, lpxu laBpaa, ®panTuniex OyupKu
Hagéedpa mexrnoaoeuu cusuxamos X umuro-mexnosozunecxozo, uncmumyma, 166 28 Ilpaea 6

B paGope mccienyercsa BiIMAHHE pa3Mepa “MacTHIl HA PeoJIOTHYECKOe II0BelieHHe KepaMu-
yeckoi mactel N-A1,0;, onmucaHHOE ¢ IIOMOILI0 KOHCTHTYTHBHOrO ypaBHeHHA. [IBe mactnt
¢ pasiIMUYHBIM CYOMHKPOHOBLIM pa3MepoM YacTHUIl NepeBeJIM B ILIACTUUYECKOE COCTOSIHUE
7100aBKO#f OpraHUUecKoro ImactTuduraropa. Bouto yctaHOB:1€HO, UTO macTa ¢ 60Jiee TOHKMMHU
vyacTHIIaMH TpeOyeT jyiisi JIOCTHIKEHRs OJMHAKOBOTO IOCTOOODPa3HOTO ¢OCTOAHUA Ha 2% mno
Becy Gourblee KOIMUECTBO INIacTHPUKATOPA. HOHCTHTYTHBHOEe ypaBHeHHe 00eMX MacTt OBLIO
YCTAaHOBJIEHO METOJOM KallWJIAPHOI'0 BHCKO3UMETpPa. B oj[MHaKOBOM MHTepBaile I'PajHeHTa
CKOpOCTH jleopManuyu ciBura O0OC HACTHE ONMCHIBAIOTCA KOHCTHTYTHBHBIM YpaBHEHHEM
00IHell BUCKO30ILTACTUIECKON AUAKOCTI. Y MACThl ¢ 6OJILIINM Pa3MepPOM UaCTHIL IT POUCXOLAT
C PpacTyHUIMM TIpagueHTOM CKOpOCTH jedopMariny H3MeHEHHe peoJIOIHYecKOro HOoBeIeHM:
U JuIatanuA. ¥V JIAaHHOH MAacThl PU NMpeBbIIEHMH KPUTHUECKOI'0 HaNpsxKeHUudA ts >,60 klla
NPOUCXOIMT TAKMKe BhHITeCHEeHNe INIacTHHKATOpa N3 nacThl. IIpu TakOM HampsKeHHH MacTa
¢ MEHBIIMMH YacTUIaMH 00J1ajlaeT XOPOIIUMHU CBOMCTBAMHU NPOTOKA.

Puc. 1. O6pasosariue 06bemHOt 3KCRAHCUU 6 KOHUEHMPUPOCAHHBIY CYCREHCURX.
Puc. 2. Sagucumecrny p = f(49z/R) dasx Al20; (J).

Puc. 3. Basucumocmv ts = f(46z/R) daa A1,05 (J).

Puc. 4. 3asucumocms 15 = f(doz/dr)s das Al,03 (J).

Puc. §. 3agucumocmo p = f(49z/R) dan A1,0s (H).

Puc. 6. 3asucumocmsv 75°= f(45z/R) dasn A1,03 (H).

Puc. 7. Basucumecmyv ts = f(do/dr)s das A1,03 (H).
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