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Abstract

The effect of the processing route on both the sintering
and mechanical properties of a stabilized zirconia was
investigated.

Zirconia samples prepared by dry pressing and by
tape casting are compared from the point of view of
microstructural evolution during thermal treatment
and from the point oy view of mechanical properties.
Kinetics of densification and grain growth are studied
by automatic image analysis.

The greater homogeneity of the green state
obtained by tape casting, in comparison with that
obtained by pressing, leads to increased densification
and grain growth rates, and to improved mechanical
properties.

Es wurde der Einfluf der Herstellungsmethode von
stabilisiertem Zirkoniumdioxid auf dessen Sinter-
eigenschaften und dessen mechanische Eigenschaften
untersucht.

Die Zirkoniumdioxidproben wurden einerseits
durch trockenes Verpressen und andererseits durch
Bandgiefsen hergestellt und hinsichtlich der Gefiige-
entwicklung bei einer Wirmebehandlung und der
mechanischen Eigenschaften untersucht. Die Ver-
dichtungskinetik und das Kornwachstum wurden
mittels automatischer Bildanalyse untersucht.

Die bessere Homogenitdt eines Griinkdérpers, der
durch Bandguf} hergestellt wird, im Vergleich zu einem
Griinkdrper, der durch Verpressen hergestellt wird,
fithrt  zu einer héheren Verdichtungsrate, zu
beschleunigtem Kornwachstum und zu verbesserten
mechanischen Eigenschaften.

Linfluence du procédé expérimental utilisé, sur a la

fois les propriétés de frittage et les propriétés

mécaniques d’'une zircone stabilisée a été étudiée.

Des échantillons de zircone préparés par pressage a
sec et par tape casting sont comparés du point de vue
de I'évolution microstructurale durant le traitement
thermique, et du point de vue des propriétés mécani-
ques. Les cinétiques de densification et de croissance
de grain sont étudiées par analyse automatique
d’image.

Une meilleure homogénéité a l'étar brut obtenue
par tape casting en comparaison avec celle obtenue
par compactage conduit a augmenter les taux de
densification et de croissance de grain, et a améliorer
les propriétés mécaniques.

1 Introduction

The microstructural evolution of ceramic parts
during fabrication has to be controlled in order to
obtain the required properties (electrical, mechan-
ical, etc.). The two main factors influencing micro-
structure are powder characteristics and fabri:ation
technique. Powder characteristics are, for example,
purity, grain size and shape distributions, specific
surface area, quality of the surface and sintering
aids. Fabrication includes the processing route and
thermal treatments of burning out organic compo-
nents and sintering. The influence of the micro-
structure on ZrO, mechanical properties has been
studied extensively.!”* In the ZrO,-Y,0; system,
the ideal microstructure for high strength and high
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toughness is the single tetragonal phase with fine and
uniform grains.

The aim of this study was to determine the
influence of the processing route on the evolution of
the microstructure of one TZP powder (ZrO, +
3mol% Y,0;) during sintering. Two processing
routes were used, dry pressing and tape casting.

2 Experimental

2.1 Starting materials

Zirconia powders stabilized with 3mol% yttria
(Rhéne-Poulenc, France) were of two grades: the
YZ3 grade with a mean grain size of 05 um and the
granulated YZ3 grade with a mean agglomerate size
of 56 ym.

Tape casting slurries were composed of YZ3
powder dispersed in a solvent with dispersant,
binder and plasticizer additions.* The solvent was an
azeotropic mixture of 66/34 vol.% 2-butanone/
ethanol. The dispersant was a phosphate ester.> The
binder was a poly(vinyl butyral). The plasticizer was
a mixture of poly(ethylene glycol) and dibutyl
phthalate.

2.2 Sample preparation

Green sheets with a thickness of 250 um were tape
cast on glass supports. Disks (30 mm diameter)
were punched from tapes, stacked and thermocom-
pressed to produce 4-mm-thick samples. Thermo-
compression was performed at 100°C under a
pressure of 60MPa. The YZ3 granulates were
pressed in a floating die under a pressure of 150 Mpa
into 30-mm diameter, 4-mm-thick disks. The pyrol-
ysis of organic components was carried out by
heating at a rate of 0-2°C/min up to 550°C with a 6-h
plateau. The green density was 56% and 60% of
theoretical density for pressed and tape cast samples,
respectively.

Pressed and tape cast samples were sintered
together in an electric furnace with MoSi, heating
elements, in air. The rate was 50°C/min up to 900°C,
then 20°C/min up to the sintering temperature (1400
and 1500°C, respectively), the plateau duration
ranging from 5 to 1200 min.

2.3 Characterization
The density of sintered samples was measured by the
Archimedes technique in distilled water.

The sintered specimens were polished using
diamond pastes down to 0-5um grade, and then
thermally etched for Smin in air at a temperature
20°C lower than the sintering temperature. SEM

Fig. 1. Binary image obtained by thresholding of the grain
boundaries. (11 mm =05 ym.)

micrographs were made of each etched sample, at
several positions.

The SEM micrographs were analysed using a
video camera and an automatic image analyser (NS
1500, Nachet-Microcontrole, France). Image analy-
sis® first means the binarization of SEM micro-
graphs by thresholding (white grain boundaries—
level 1, black grains—level 0) (Fig. 1). Then grain
boundary thicknesses were reduced to a constant
value (1 pixel), using a skeleton by influence zone®’
so as not to disturb the stereological analysis (Fig. 2).
Two methods can be used to study the granulometric
evolution: (i) the measurement of the size of each
grain, with the drawback of a great influence of the
size of the window, and (ii) granulometric measure-
ment by opening.” The latter method is the most
suitable in the case of wide granulometric distri-
butions. It is performed by erosion of grains by
linear structuring elements of length /. The granulo-
metric density g(/) is calculated using the probability
P(/), with the structuring element included in the
analysed phase (grains):®8

g(l) =IP"(1)/ P(0) ()

P(/) is obtained by measuring the percentage of the
eroded phase set by the segment of length /;
increasing / values were used until complete removal
of grains occurred. P(0) is the percentage of grains;
without porosity P(0) is equal to 1. Examples of
P(10) and P(20) erosions are shown in Fig. 3.

Fig. 2. Final mosaic; the thicknesses of grain boundaries were
reduced to [ pixel. (11 mm =0-5 ym.)



Effect of processing on zirconia microstructure 301

(b)

Fig. 3. Erosion by a linear structuring element of (a) 10 and (b)
20 pixels length. (11 mm =0-5 gm.)

Mean grain sizes G (mean intersected length) were
obtained with measurements performed on at least
1000 grains for each processing route and each
sintering condition.

Strength was determined, at room temperature,
by three-point bending tests at a crosshead speed of
0-5 mm/min. The tensile faces of the samples (22 x
4 x 3mm?) were polished and the edges were
bevelled. Toughness was determined by the single-
edge-precracked-beam (SEPB) method,” which is an
accurate and reliable method. A precrack replaces
the notch in the conventional SENB method. Beams
similar to those used for strength measurements
were polished (0-5 um). Three Vickers indentations
(30 kg, 15s) as crack starters were made at the centre
of the bottom surface. Then beams were precracked
on a loading fixture (anvil and pusher); an acoustic
device allows the detection of the beginning of the
crack extension and unloading to stop the crack
propagation. The fracture loads were measured by a
three-point bending test and the crack length by
optical microscopy. The toughness values were
calculated from Strawley’s equation.!®

3 Results and Discussion

Microstructural evolution during thermal treatment
can be broadly separated into densification and
grain coarsening (grain boundary or surface area
reduction at constant density).!! During sintering,
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Fig. 4. Relative density versus time for tape cast (©,[]) and
pressed (+, %) ZrO,+3mol% Y,0; at 1400°C (&, +) and
1500°C (1, *).

various mechanisms of atom motion may occur.
These mechanisms, with the kinetics of densification
and grain growth related to grain size evolution, are
now well defined.!?

3.1 Densification
Coble'? has formulated a diffusion model for the
intermediate sintering stage which predicts the
densification rate dp/d¢ (for a given temperature and
initial microstructure) as a function of the diffusion
coefficient responsible for densification (D, .. or
Dy,undary) @nd the average grain size G. The model
gives

dp/dt = CDG™" (2)

where C'is a constant. The grain size exponent, #, is 3
and 4, respectively, for densification controlled by
lattice-diffusion and grain boundary-diffusion,
respectively.

Relative densities versus time are plotted in Fig. 4.
The highest densities reached for tape cast and
pressed samples were close, i.e. 98-6% of theoretical
(6-1 g/cm?®). Densification was faster for tape cast
materials than for pressed ones. After Smin at
1500°C, 96:6% of theoretical density was obtained
for tape cast samples, while pressed samples only
reached 88-4%. Decreasing density was observed,
for 1500°C, after extended sintering times: 60 and
180 min for tape cast and pressed samples, respect-
ively.

3.2 Kinetics of grain growth
The phenomenological kinetic grain growth equ-
ation at a temperature 7 is given by!'3

G"—Gg = Ktexp (—Q/RT) (3)
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Fig. 5. Granulometric densities and corresponding SEM micrographs of (i) tape cast and (i) pressed ZrO, + 3 mol % Y,O; for (a) 5 min
and (b) 1200 min at 1400°C, and (c) 600 min at 1500°C.
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where G is the average grain size at time ¢, G, the
initial grain size, m the kinetic grain growth
exponent, K a constant, Q the apparent activation
energy, R the gas constant and 7 the absolute
temperature.

When G becomes significantly greater than G, (at
longer times), G, is generally neglected and the grain
growth mechanism can be determined from the
slope of the In(G) versus In (7) line, which is n™ .

Granulometric densities g(/) and corresponding
SEM micrographs for tape cast and pressed samples,
for 5 and 1200 min at 1400°C and for 600 min at
1500°C, are given in Fig. 5.

Similar granulometric repartitions were found for
tape cast and pressed samples sintered for 5min at
1400°C (0-17 pym). This value is lower than the mean
grain size given by the supplier (0-5 um). This is due
to the size distribution methods used, based on
different size criteria. The supplier used a sedimen-
tation method based on Stoke’s law, while image
analysis is based, in that case, on linear measure-
ments on sections. For a same shape of object these
values can be correlated. Although results depend
on the method used, it does not influence the kinetic
grain growth exponent.

Whatever densities and times, larger granulo-

metric distributions were observed with tape cast
samples.

The decrease in density can be attributed to
release of gas trapped in the material coming from
the decomposition of the powder’s precursors.!*

Grain growth versus time is plotted in Fig. 6. The
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Fig. 6. Mean grain size G versus time for tape cast (<, [1) and

pressed (+, ¥) ZrO,+3mol% Y,0, at 1400°C (O, +) and
1500°C ([, *).
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Fig. 7. In(G? — GJ) versus In(¢) for tape cast (<, () and pressed
(+, %) ZrO, +3mol% Y,0; at 1400°C (<, +) and 1500°C
([, *) (lines have a slope of 1).

kinetics of grain growth are very slow and the
narrow range size (0-17 to 0-56 um for pressed
samples at 1400°C) did not make it possible to
neglect the initial grain size G, in eqn (3). Correlation
coefficients of In (G™ — G}) versus In (¢) are reported
in Table 1, with G, taken as 0-17 um. The best
correlation was obtained for a kinetic grain growth
exponent equal to 3, which is confirmed in Fig. 7.
Among possible mechanisms of normal grain
growth with a kinetic exponent of 3,'3 the most
probable for both tape cast and pressed YZ3
powder, during sintering, was the pore-controlled
process with volume diffusion.

Whereas the controlled grain growth mechanism
was the same for tape cast and pressed samples,
grain growth is faster in tape cast samples. The
density and the arrangement of particles in the green
state may affect the densification and the grain
growth;!® nevertheless, these parameters are not
taken into account by densification and grain
growth models. The tape casting process leads to a
greater density and homogeneity in the green state.,

3.3 Mechanical properties
Strength and toughness results of materials sintered
at 1400°C for 10h are reported in Table 2.

Table 1. Correlation coefficients of In(G™ — G§) versus In (¢) for
m equal to 2, 3 and 4

m 1400°C 1500°C
2 3 4 2 3 4
Tape cast 0987 0999 0995 0-950 0999 0-993

Pressed 0939 0999 0987 0988 0-999 0-994

Table 2. Room-temperature strength (mean value on five
samples) and toughness of materials sintered at 1400°C for 10 h

4 K, P/Pin G
(M Pa) (MPam'?) (70) (m)
Tape cast 720 72 97-6 0-56
Pressed 660 65 98-0 042

A first comment concerns the strength. Densities
and grain sizes are close, but the tape cast material
exhibits a higher strength than the pressed one. This
confirms that tape casting leads to a very homo-
geneous green state, with smaller defects.

A second comment concerns the toughness. The
toughness of the tape cast material is higher than the
pressed one, with a noticeable difference (0-7 MPa
m'/2) according to the very good reproducibility of
K. values obtained by the SEPB method.® A
possible explanation could be related to a beneficial
state of residual stresses associated with anisotropic
shrinkage. The linear shrinkage along the in-plane
direction is higher than in the direction normal to the
sheets.

4 Conclusion

This work confirms that the processing route
greatly influences the microstructural evolution of
ceramic parts during sintering.

Automatic image analysis has proved to be very
efficient in characterizing ceramic microstructures.

Tape cast materials exhibit an enhanced densifi-
cation and grain growth, and improved mechanical
properties compared to pressed ones. These results
can be related to the very homogeneous green state,
with small defects obtained by tape casting.

It was not possible to determine the mechanism of
densification because of the large densities obtained
above 1400°C and the small increase in grain size.
Further work at lower temperature is required to
clarify this point. The mechanism of grain growth,
L.e. pore drag, is the same in both cases.
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