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Abstract

Certain material deformation properties of a typical
alumina based ceramic paste system, including the
hardness (a plastic yield characteristic), the elastic
modulus, a plasticity index (a measure of the relative
elastic—plastic response), and a mean flow stress,
are obtained using an indentation hardness test. In
order to compute these material properties a contact
compliance procedure, in conjunction with an analysis
based upon an adaptation of the Box—Cox curve fitting
method for the compliance curve, has been used.
The data are used to provide a basis for identifying
the optimum rheological response of the paste system
for plastic forming operations. © 1997 Elsevier Science
Limited.

1 Introduction

Pastes, which are, for the present purposes, highly
concentrated solid particle dispersions in a viscous
liquid medium, are processed in a variety of indus-
trial applications, such as food processing and
ceramic manufacturing. The common feature of
these paste materials is the two-phase composition
of comparatively rigid small (0-1-10-0 wm) particles
combined with a viscous fluid continuum. These
materials normally exhibit a complex elasto-
plasto-viscous behaviour under the application of
an applied stress. The materials generally have
highly time and strain history flow characteristics
and their response is inherently difficult to quantify.
In some regimes of deformation rate the materials
will exhibit an elastic character insofar as part of the
imposed strain is recoverable upon the removal of
the corresponding applied stress. Once flow is
instituted they exhibit the characteristics of plasti-
cally deforming solids and viscous liquids, i.e. they
have an apparent yield stress and may strain
harden or soften and also exhibit a strain rate
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variation like that encountered with liquids. The
relative proportion of the two phases, the surface
area (particle size and particle size distribution) of
the rigid particles, the particle—particle interactions
and the rheology of the viscous liquid phase
largely control the rheological properties of pastes.
In ceramic manufacturing, ceramic powders are
mixed with solvents, binders, and plasticizers to
obtain processable green pastes. The pastes may
then be shaped by plastic deformation into self-
supporting green bodies using a suitable consoli-
dation technique such as extrusion and rolling.
Optimization of the rheology of these pastes, for a
chosen shape forming technique, is required in
order to develop a manufacturing procedure that
is capable of delivering a suitable product with the
required properties and cost. In practical terms
this means producing a material that will undergo
sufficient plastic flow or viscous flow so as to be
capable of being formed in a coherent way and
yet provide an appropriate product ‘rigidity’ in
order that it may retain its formed shape during
subsequent processing operations. The necessary
flow characteristics are achieved by minimizing the
yield stress and suppressing the elastic response.
This provides extensive coherent flow and mini-
mizes the necessary forming forces. The ‘rigidity’
conferred to the product is achieved by maximizing
the apparent yield stress so that the formed body
does not flow appreciably under the action of the
imposed gravitational and subsequent handling
forces. In practice, this means that both the effective
yield strain and yield stress should be maximized
to increase the work required to institute plastic
flow, which implies that the elastic response or
modulus should also be enhanced. Hence, there is
a necessary compromise between the inherent elastic
behaviour that is required, in part, in order to retain
the imposed form, and the plastic flow that is
required in order to achieve the required form. In
practice such an optimization is invariably made
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Fig. 1.Schematic view of hardness measurement apparatus.

on an empirical basis. For potentially complex
novel formulations, a more securely founded basis
for optimization is desirable. The formulation
process is further complicated by the requirement
to remove these processing aids during the trans-
formation to the fully sintered state and the need
to control the boundary conditions between the
paste and the walls of the processing equipment.
The paper records a study of the use of an
indentation hardness method as a means of char-
acterizing the yield and the relative elastic—visco-
plastic behaviours of a range of alumina based
ceramic pastes. The effects of the viscous liquid
medium (solvent, binder and plasticizer mixture)
on the properties of the alumina pastes have been
investigated. An analysis is provided to establish an
index of the relative elastic to plastic response as well
as the yield stress. The value of this index as a means
to establish the compositions of the optimal for-
mulations is discussed. The effects of varying the
imposed strain and strain rates are also considered.

2 Indentation hardness test and introduction to data
analysis

The indentation hardness test, where an indenter
induces a localized deformation into a sample sur-
face, is a relatively simple and uniquely attractive
method for assessing material flow properties and
in some cases the associated elastic response. A
common experimental configuration, which is
adopted in the present study, is shown schemati-
cally in Fig. 1 where a rigid indenter deforms a
plastic paste.

Two rather different methods are commonly
adopted for the measurement of indentation hard-
ness: the imaging technique and analysis of the
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Fig. 2. Schematic diagram of contact compliance curve, P,
against imposed displacement, showing the various characteristic
values of the displacement, A.

compliance curve. The imaging technique has
some inherent limitations. For example, no infor-
mation regarding the elastic response of the sam-
ple is directly available in the application of this
method. In contrast, the contact compliance
method records the reaction force on the indenter
as a function of the imposed displacement, result-
ing in a set of loading and unloading curves for
each indentation operation. Figure 2 illustrates the
general features of typical experimental compli-
ance curves noted in practice and introduces the
various parametric notations that will be adopted.
The figure also shows a schematic representation
of the contact between a rigid conical indenter
and a deforming substrate; the semi-induced angle
of the cone is 6 and angle B is the angle that the
indenter makes with the planar substrate. Figure 2
also shows the case where the conical indenter
contains a rounded tip whose size is characterized
by a length, 8, the so-called tip defect.! The com-
pliance curve will be influenced by the value of 8,
and hence for small indents (4 ~ 8) a consideration
of the magnitude of the tip defect is necessary. In
the present work, experiments were performed
where & >> 8 and hence the gross geometry of the
indenter, as described by B, is a sufficient descrip-
tion of the indenter geometry. For the general
case of an elasto-plastic deformation, which is
shown in Fig. 2, there is an appreciable elastic
recovery, along the indenter loading axis, during
the unloading phase. The material properties, as
opposed to the contact geometry and boundary
condition, which define the form of the loading
curve, are the plastic yield stress and the elastic
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modulus. The form of the unloading portion is
largely governed by the elastic properties of the
material. Thus, these compliance curves, com-
bined with an appropriate analysis, provide the
required information about both the plastic and
elastic properties of the rnaterial; the time (strain
rate) and strain dependence of these characteristics
may also be specified to some degree.

The characteristics of the unloading curve for an
elasto-plastic material reflect the elastic response
of the bulk, relatively undeformed material sur-
rounding the region of gross indentation, and also
the elastic recovery within the plastically deformed
indent itself. The former component dominates
the initial portion of the unloading curve, which is
approximately linear, whilst the latter contribution
is significant towards the final part of the unload-
ing curve. This final portion is rather non-linear in
its force—displacement character. Thus, neither the
depth of penetration at the maximum load, A, nor
the residual depth of penetration, A, provide a
direct means of computing the geometry of the
plastically deformed contact region (see Fig. 2).
However, if the depth of penetration correspond-
ing to the elastic recovery of the bulk material sur-
rounding the indent is subtracted from the value
h, what remains, the quantity 4, may now be
used to compute the geometry of the plastic
indentation under load, i.e. the parameter that is
obtained from the direct imaging method. The
radius of the plastically deformed contact zone
may then be deduced from the computed numerical
value of h, when the indenter geometry is known
or assumed;' for conical indenters, the radius of
contact, a, is equal to A tan 6.

The indentation hardness, H (taken here as a
plastic yield characteristic), is usually defined as

P P
" A wa M
where P is the reaction force, A4 is the contact area
projected on the original surface, and a is the
corresponding radius of contact.” The relationship
between the hardness, H, and the flow stress, o, is
conventionally assumed tc be of the form

H=Ca, @)

where C is a dimensionless constant factor whose
value is a function of the material response char-
acter (the relative elastic-plastic behaviour), the
contact strain, and the interface friction.? The
value of C ranges from ca. 1-5 to 3. For a fully
plastic response C is near 3 and for the cases
where a significant elastic contribution is evident,
C is nearer the lower limit. In the case of a fully
elastic material the relationship is naturally not
applicable.

The reduced elastic modulus, E*, may be derived
from the elastic contact stiffness, S, where

Qg: = *
3 S =2E*a 3)

and the reduced elastic modulus

E
1-v»

E* =

2

where E is Young’s modulus and » is Poisson’s
ratio. In practice, the parameter S is approximated
as the elastic contact stiffness upon unloading at the
maximum penetration depth, A, (the slope of the
line joining the point P, and 4, in Fig. 2), and a is
the corresponding radius of the contact zone.>*

The factors that influence the computation of
the values of H and E* from the experimental
compliance data have been recently reviewed by
Briscoe and Sebastian.’ Intrinsic errors arise from
uncertainties in the zero point, the indenter geo-
metry (tip defect), and the ambiguity inherent in
the linear extrapolation which must be adopted in
order to calculate the value of E*, all of which
influence the calculation of the hardness. The
overall error may be greatly minimized by the
adoption of an appropriate curve fitting procedure®
for the experimental compliance data, from which
the required various 4 values and slopes may be
abstracted. The Box-Cox curve fitting procedure
was found to be particularly attractive since it
provides a physically realistic description of the
contact compliance curve of the form:

P = m(h — hy) )

where 4 is the experimentally imposed depth of
penetration, A, is the zero offset (see Fig. 2), mis a
coefficient and » is the characteristic load index of
h for the compliance curve. The Box—-Cox method
has been adopted in the present study. By using
the Box—Cox fitting method in conjunction with
the experimental data, loading and unloading
curves of the following forms are obtained with
the corresponding values of m and n:

Py =my (h - hy", (5)
Py=my (h-h), (6)

where A, and h, are the error and residual value of
A in the loading (subscript 1) and unloading (sub-
script 2) curves, respectively (Fig. 2). The value of
hy, is then obtained from the slope of the unloading
curve at A = h,, from eqn (6). A main requirement,
in the current context, is to provide a measure of
the relative elastic—plastic properties as well as the
yield stress. The equations introduced above may
be manipulated to produce a direct measure of
elasto-plastic response characteristic.
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The total work of indentation, W,,, and its elastic
and plastic components, W, and W, respectively,
are given by’

hy
m + 71+
W= [Pidh = 5 (k= by~ (hoy™'} (7)
0 n+1
hl
b¢2d
wW.= |P,dh= zZ_(h—h 8
= [Ph= TGk ®)
and
W w.
X - 7€ —_ ¢ 9
A 7 ©)

The parameter ¢” is a plasticity index which quan-
tifies the relative contributions of the elastic and
plastic responses for the chosen deformation
geometry; in the current case this is the angle S.

Alternatively, a common plasticity index which
includes the geometric character of the indenta-
tion (the imposed strain) may be adopted from the
precedents developed for the description of the
contact mechanics of rough surfaces.” The inter-
relationship between the hardness, H, and the
reduced elastic modulus, E*, (for perfect cones) is
given as

1
2 h, (10)

where B is the angle of inclination of the cone to
the sample surface (8 = 7/2-6). Historically, a
value of ¢ less than 1 indicates a primarily elastic
deformation and vice versa.

The hardness indentation test may also be used
to determine the creep response of a rate depen-
dent material, either by applying a fixed load to
the indenter and measuring the rate of penetra-
tion, or by pressing the indenter into the specimen
at a prescribed rate and measuring the reaction
load. Such a characterization is important in
many facets of paste processing, not least in order
to provide a measure of the product’s ability to
retain the imposed shape over a long period. An
empirical relationship for a rate dependent material
was suggested by Mulhearn and Tabor:?

o= ao(f;)‘/" (1)

where o, , b and €, are matenals constants, o
(P/ma?) is the imposed stress and € is the corre-
sponding strain rate. Then, the stress under the
indenter scales as

P = eff \1/
g = F = Qdy (‘ye J b (12)

€
where, a and vy are material constants which vary
with b, and the ‘effective strain rate’, ¢, depends

on the geometry of the indenter, the contact
radius, a, and the penetration rate, 4. The contact
strain may be approximated as 0-2 tanB.” The
effective strain rate imposed during normal inden-
tation is not readily specified with any confidence.
The imposed strain is, in principle, constant of the
order of 0-2 tanf and is not a function of depth
for conical indenters.? To a first order, if the pene-
tration rate is 4 and the depth of the indentation
1s & (the corresponding radius of contact, a, is &
tanf) then the effective strain rate is simply of the
order of h/a. Bower et al’® have also provided a
theoretical analysis of indentation creep, and they
proposed the following relationship for an axisym-
metric punch:

A L
o= Lo L) o (13
Ta aé,
where F,(b) is a function that depends only upon
the material parameter, b, and is independent of
the shape of the indenter and P/ma” is defined as
the mean contact pressure (mean indentation pres-
sure). Equation (13) was adopted for the sub-
sequent creep analysis of the pastes used in the
current study.

3 Experimental procedure

3.1 Paste preparation

A commercial alumina (AES-11, Morgan Matroc,
UK) with an average particle size of 0-4 um was used
to prepare a range of ceramic pastes of different
rheology. A methylethylketone (MEK) (Aldrich
Chemical Co., UK) —ethanol (BDH Lab. Supplies,
UK) azetropic mixture was used as a solvent with
a poly(vinyl butyral) (PVB) (Aldrich Chemical
Co., UK) as a dispersant and a binder. Dibutyl
phthalate (DBP) (Aldrich Chemical Co., UK) was
used as a plasticizer. Initially, 2-0 wt% PVB was
mixed with the solvent in a glass beaker, and then
the alumina powders were added to the solvent
mixture. In order to break down the weaker
agglomerates, the suspension was ultrasonicated
for 3 min using a Vibra-Cell ‘Model CV26’ (700 W)
ultrasonicater at an amplitude of 65%. After
adding the binder (PVB) and the plasticiser (DBP,
the suspension was again ultrasonicated for an
additional 2 min and subsequently ball-milled for
12 h in order to obtain a well-dispersed suspen-
sion. The ceramic paste was obtained by removing
most of the solvent from the suspension under the
action of continuous stirring in a water bath at
60°C. In order to study the effects of the solvent
on the material properties of the paste, pastes with
different amounts of retained solvent were prepared.
The pastes with various plasticizer contents were
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Table 1. Properties of ceramic pastes used in this study

Pastes Solvent Binder Plasticizer Plasticizer/
content (PVB) content content binder
(wt%) (wt’s) (wt?%) ratio
P/75/S1 4.58 10-00 7-50 075
P/75/S2 3:56 10-00 7-50 075
P/75/83 197 10-00 7-50 075
P/75/NS 0-00 10-00 7-50 075
P/100/S1 3.78 10-00 10-00 1-00
P/100/S2 299 10-00 10-00 1-00
P/100/S3 205 10-00 10-00 1-00
P/100/84 1-31 10-00 10-00 1-00
P/100NS 0-00 10-00 10-00 1.00
P/125/S1 332 10-00 12-50 1-25
P/125/S2 3-.07 10 00 12-5 1-25
P/125/S3 243 10-00 12-5 1-25
P/125/S4 1-77 10-00 12-5 1-25
P/125NS 0-00 10-00 12-5 1-25

also prepared in order to study the effects of the
plasticizer content on the material properties of the
ceramic paste. Table 1 summarizes the composi-
tion of the ceramic pastes studied. The binder—
plasticizer mixtures, without the incorporation of
the ceramic particles, were also prepared in order
to elucidate the intrinsic role of the binder and
plasticizer on the deformation behaviour of these
ceramic pastes.

3.2 Hardness measurements

A standard universal testing machine (Instron
1122, UK) was adapted for the hardness measure-
ment experiments, taking advantage of the load
sensors and actuator available in the machine.
A separate LVDT was used in order to record
the imposed displacement (Fig. 1). The indenter, a
steel cone (90° with a tip defect of 2 um) was fixed
in a special holder fitted to the crosshead of the
testing machine; the representative strain was thus
ca. 0-2. The specimen was supported on an align-
ment platform attached to the load cell. The typical
maximum depths of penetration, A, were around
3 mm. In the experiments, where the indenter was
driven into the pastes at a constant velocity, a range
of velocities from 8-3 X 107 to 3-3 X 10 m/s were
used.
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Fig. 3. Hardness and elastic modulus of binder—plasticizer
mixture as a function of plasticizer content.

3.3 Glass transition temperature (7,) measurements
The glass transition temperatures, 7T, of the
binder—plasticizer mixtures with various plasticizer
contents were determined using a differential scanning
calorimeter DSC (Perkin Elmer). A scan speed of

20°C/min was used between —90°C and 100°C.

4 Experimental results

The material properties (the hardness, the elastic
modulus, the plasticity indexes, and the mean contact
pressure as a function of the effective strain rate)
of the binder-plasticizer mixtures were abstracted
from data obtained in the hardness indentation test
using the procedures outlined in Sections 2 and 3.
The results for these mixtures are summarized in
Table 2. The computed hardness and elastic modulus
of the binder—plasticizer mixture, as a function of
the plasticizer content, are shown in Fig. 3. As
may be seen from Fig. 3, both the hardness and
the elastic modulus of the mixture decrease with
increasing plasticizer content. The glass transition

Table 2. Parameters and calculated values of H, E* and plasticity index for binder—plasticizer mixture containing various amounts
of plasticizer. Indentation speed = 5 mm/min, S and F denote independent properties

Plasticizer content n, m, h, n,
(%) (m)

50 (S) 1.93 65328 -840 x 10  3.02
75 (S) 1-63 31576 866 x 10° 271
100 (S) 1-45 15792 620 X 107° 286
125 (S) 1.42 13893 146 X 107> 2.60
0 (F) 1.65 223733 -1-84 X 103 267
25 (F) 1.87 2804-6 ~-1-12 x 10* 317
50 (F) 1-89 683-3 -132 X 10% 256
75 (F) 1-50 27114 -14 X 10* 278
100 (F) 1-29 14672 -6-62 X 107° 1.76

m, h, H E* Index  Index
(m) (MPa) (MPa) W,/W, i\

956-98 9-60 X 10* 022 1140 072 638
860-70 142 X 107 0052 045 040 8-67
972:98 161 X 103  0-018 0-26 0-21 1470
822:22 152 x 10 0016 020 022 1257
227842 724 X 10* 6872 85831 0-27 1249
32902 778 X 10* 331 2852 046 8-62
1341:6 123 x 10* 024 164 057 6-97
12548 1-68 X 107  0-040 0-565 021 14-25
13339 159 x 102 0-021 0-340 015 15-87
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Fig. 4. Glass transition temperature of binder—plasticizer
mixture as a function of plasticizer content.

of the binder (PVB) is ca. 66°C. The glass transi-
tion temperature of the binder—plasticizer mixture,
as a function of the plasticizer content, is shown
in Fig. 4. As the plasticizer is added to the binder,
the glass transition temperature of the system is
reduced. As a result, the hardness and elastic
modulus values of the mixture are decreased with
the addition of the plasticizer. The mean contact
pressure of the binder—plasticizer mixture, as a
function of the effective strain rate, is shown in
Fig. 5. The mean contact pressure of the mixture
decreases with increasing plasticizer content.

The abstracted hardness indentation data for
the various alumina paste systems are summarized
in Tables 3 and 4. The parameters listed are the
indices of the loading and unloading curves n,, n,,
m, and m, (eqns (5) and (6)), the error parameters
hy and A, (eqns (5) and (6)), the computed hard-
ness, H (eqn (1)), and the reduced elastic modulus,
E* (eqn (3)). Two plasticity indices W /W, and ¢
(eqns (9) and (10)) are also listed. It is clear that
the material properties of the pastes are strongly
influenced by the solvent content of the paste. The
hardness of the alumina pastes, as a function of
the solvent content, is shown in Fig. (6). The
hardness and elastic modulus of the pastes are
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Fig. 5. Plots of mean contact pressure against effective strain
rate for binder-plasticizer mixtures.

substantially increased with decreasing solvent
content. The plasticizer content of the paste also
has a strong influence on the properties of the
paste as well as that of the continuous phase. The
hardness values (and also the elastic modulus) of
these two systems show similar trends, both
decreasing with an increase in the plasticizer ratio
(Fig. 7). The hardness values of the pastes are
much higher than that of the simple binder—plasti-
cizer mixture, and the difference becomes more
pronounced as the plasticizer content decreases
(Fig. 8).

The two computed plasticity indexes for the
alumina pastes, with no significant solvent con-
tent, as a function of the plasticizer content are
shown in Fig. 9. The index, ¢, increases with
decrease in the plasticizer content and the index,
¢*, decreases with decrease in the plasticizer content.
These results indicate that the plastic character of
the paste, a viscoelasto—plastic material, increases
with decreasing plasticizer content.

The mean contact pressure of a paste (10 wt%
binder-10 wt% plasticizer), as a function of the
effective strain rate (h/a), for various solvent con-
tents is shown in Fig. 10. The mean contact pres-
sure of the paste is substantially reduced with the

Table 3. Parameters and calculated values of H, E* and plasticity indexes for paste (without solvent) with different indentation
speeds. The paste contains 10 wt% binder (PVB) and 10 wt% plasticizer (DBP)

Indentation speed n, m, hy n, m, h, H E* Index Index
(mm/min) (m) (m) (MPa) (MPa) W,/W, i\
2 2:07 2748-80 -2:09 X 10* 1129  S511-11 146 X 107 410 6875 0-20 16-77
5 207 3060-68 -12 x10* 741 107606 122 X 102 452 82-50 0-26 18-25
10 2:07 3246-09 -1-05 X 10* 833 94258 976 X 10* 5-03 92-51 0-26 18-38
20 2:20  2911-67 -192 x 10* 100 657-50 687 X 107* 562 103-51 0-27 18-42
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Table 4. Parameters and calculated values of H, E* and plasticity indexes for pastes with different solvent contents. Indentation
speed = 5 mm/min

Pastes Solvent n; m, hy n, m, h, H E* Index  Index
%B-%P content (%) (m) (MPa) (MPa) W,/W, \

10-0-7-5 458 1-41 246-68 -1-64 X 10* 297 122608 279 x 10 0-026 0-51 015 19-66
10-0-7-5 3.56 1-55 673-49 -826 X 10° 313 1924-18 287 x 10> 0115 235 016 20-38
10-0-7-5 1.97 1-52 2909-01 -3-05 X 10 448 37937 183 x 10 120 3706 011 3091
10-0-7-5 0-00 1-70 1467217 =379 X 10° 3-89 111658 168 X 107 2786 838-8 0-12 30-11
10-0-10-0 3.78 1-30 21572 305 X 10° 344 85462 140 X 10°  0-031 038 025 1220
10-0-10-0 2:99 1-46 389-51 -7:05 X 10° 319 126122 170 X 10 0062 101 022 1444
10-0-10-0 205 1-60 622:96 -515x 105 326 179437 177 x 10° 0-129 205 0-25 1590
10-0-10-0 1-31 1-64 109997 —4-66 X 10° 323 209928 138 X 10°  0-365 473 0-27 12-97
10-0-10-0 0-00 2:07 306068 -12 x 10* 741 107606 122 X 10° 452 82:50 0-26 18-25
10-0-12-5 3:32 1-39 143-51 -1-80 x 10* 2-82 459-48 1-80 x 10  0-014 0-12 0-37 8-21
10-0-12:5 307 152 17821 -1-52 x 10* 369 55332 217 %X 103 0017 020 027 1234
10-0-12-5 243 1-50 23025 911 X 10°  2:41 904-75 235 x 102 0026 030 026 11-61
10-0-12-5 1-77 1-62 36477 989 x 105 273 131178 235X 10°  0-051 074 022 14-54
10-0-12-5 0-00 2:00 126649 -1-00 X 10  4.02 106746 1-35x 10* 0-739 678 0-52 917

100 s I increasing solvent content. The plasticizer content

N 75 % Plasticiser also affects the mean contact pressure of the paste,

: s 100% Plasticiser the mean contact pressure of the paste is reduced

' . with increasing plasticizer content (Fig. 11).
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140

Thus, the compliance method provides flow
characteristics that are of value in optimizing the
rheology of pastes and their greens. The hardness
and elastic modulus values are readily obtained.
These two parameters provide a measure of the
relative elastic—plastic response. For the present
paste system an optimal processing rheology and
the subsequent green mechanical stability was
obtained at values of s and ¢* of ca. 20 and 0-25,
respectively, for the case of tape forming using a
two-roll mill.'® In this forming operation the
ceramic pastes were reduced in thickness by 30%
using roll speeds ranging from 10 to 40 r.p.m. The
mean, or effective, strain rate in the rolling process
is given as'!
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Fig. 10. Mean contact pressure against effective strain rate for
alumina pastes with various solvent contents.
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(14

where o is the angular velocity of the rolls, r is the
fractional reduction, R is the radius of the rolls
and A, is the final thickness of the rolled tape.
Equation (14) indicates that the effective strain in
the rolling process depends upon the final thick-
ness of the rolled tape. The final thickness of the
rolled tapes, h,, was between 10-0 and 0-3 mm.
For a roll speed of 10 r.p.m., the effective strain
rates were ca. 1 and 70 s for final tape thick-
nesses of 10 and 0-3 mm, respectively.

5 Conclusions

The compliance hardness indentation test with an
associated analysis has been used to characterize
the rheology of a range of ceramic pastes. The vis-
cous liquid phase of the paste, consisting of the
solvent, the binder and the plasticizer, has a
strong effect on the properties of the alumina
paste used in this study. The hardness, the elastic
modulus, and the mean contact pressure values of
the pastes decrease substantially with increasing
solvent content. The plasticizer content of the
paste also affects the properties of the paste. The
hardness, the elastic modulus, and the mean con-
tact pressure values of the paste also decrease with
increasing plasticizer content. The plasticity index,
Y, of the paste increases with decreasing plasticizer
content, indicating that the paste becomes more
plastic in character as the plasticizer content of the
paste is reduced. In the present study the optimal
paste elastic—plastic response for effective process-
ing was identified as being in the range of ¢ = 20
and ¢* = 0-25. Thus we conclude that the param-
eters ¢ and ¢* are useful criteria for the optimiza-
tion of paste rheology for subsequent processing
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operations. In addition, the indentation method pro-
vides a direct estimation of the mean flow stress
which can, in principle, be estimated as a function
of the imposed strain and strain rate. These values
are in the upper range of the simulations obtained
for the hardness study. However, the post forming
stability will be governed by a much lower ratio of
deformation which will fall in the range of the
strain rates generated in the hardness studies.
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