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Evolution of grain shape and size during
high-temperature creep of a yttria-doped

fine-grained alumina
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A semi-automatic method of image analysis was used to characterize the evolution of the
microstructure of a polycrystalliine alumina in terms of grain size and grain shape during
different thermomechanical treatments. This study showed that for this material normal grain
growth occurs during compressive creep and annealing; in addition, during creep under
certain conditions grains flatten in the direction of the applied stress. Three-dimensional
estimation of the grain shape was performed by analysing differently oriented plane sections

of the specimens.

1. Introduction

The study and characterization of microstructure are
necessary in order to understand the relationships
between the microstructure and properties of mater-
ials, and are two of the most important aspects of
materials science. Generally, to study some features of
a microstructure, two-dimensional polished and
etched plane sections are examined with an optical or
an electron microscope and the corresponding photo-
graphs are taken. The analysis of these photographs is
often the only way to extract the desired information
about the microstructure. A partial microstructural
characterization can be easily obtained by manual
measurements (for example, the mean grain size), but
the use of computerized methods becomes unavoid-
able for a deeper statistical analysis such as the study
of the distributions of the different parameters and
their possible relationships. In the case of mono-
phased polycrystalline materials, grain boundaries are
thermally or chemically etched in such a way that
every single grain of the polycrystal can be identified,
allowing its characteristic parameters to be deter-
mined. A representation of the two-dimensional grain
structure of a polycrystal can be considered as a two-
dimensional cell-complex [1].

During high-temperature thermomechanical treat-
ments of polycrystalline materials, it is . well known
that grains can grow and that their shape can change.
The importance of these two phenomena depends on
the material considered, the experimental conditions
and the mechanism(s) producing the deformation.
Grain growth during high-temperature deformation
has been observed during superplastic creep on metal-
lic [2, 3] and ceramic [4-7] materials. Grain shape
modification is generally observed for dislocation and
diffusional creep [8], but not during superplastic creep
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In this work a semi-automatic image analysis
method was used to study the microstructural evolu-
tion during compressive creep of a fine-grained dense
alumina; more details concerning this method are
given in [1]. The microstructural evolution is charac-
terized here in terms of the grain size and grain shape.
The alumina studied had been doped with 500 p.p.m.
MgO and 500 p.p.m. Y,O; (by weight) in order to
obtain a dense material with a fine grain size. The
powder was hot-pressed at 1450 °C under vacuum in
graphite dies. The creep behaviour of this material
showed a range of grain size between 1.3 and 2.3 um
for which the strain rate is approximately constant in
spite of grain growth and this range has been called
the strain rate plateau [10, 11]. We were therefore
especially interested in studying the evolution of the
grain size distribution and that of the shape during
this particular creep regime. For these different sam-
ples, analysis of plane sections oriented differently
relative to the external stress were performed so that
the three-dimensional shape of the grains and its
evolution during the different thermomechanical
treatments could be evaluated. The results are pre-
sented in the form of mean values, cumulative dis-
tributions and histograms. The normalized (divided
by the mean value) grain size distributions are com-
pared with the theoretical distributions. Grain shape
changes are compared with the overall sample defor-
mation here, but the mechanisms of deformation of
this alumina, as well as grain growth, are discussed
elsewhere [11].

2. Experimental procedure

We have already described hot-pressing and com-
pressive creep test procedures in [107]. Microstructures
were studied on polished and thermally etched plane
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TABLE I Designations and thermomechanical treatments for the different samples

Code Thermomechanical treatment

INI Hot-pressed at 1450 °C for 15 min under 45 MPa under vacuum

AN INT + annealing in air at 1450 °C for 654 min

DEF1 INI + deformation at 1450 °C under 20 MPa to ex — 0.3 in 213 min
DEF2 INI + deformation at 1450 °C under 20 MPa to e~ — 0.5 in 500 min

sections in the centre of the specimen, and the etching
temperature was held below the deformation temper-
ature to avoid significant grain growth during this
operation. The characteristics of the more significant
samples, their designations and the conditions of their
thermomechanical treatments are given in Table I;
other deformed and annealed samples have been stud-
ied, but to avoid confusion they are not mentioned
here. Characterized sections were chosen in well-
defined orientations relative to the hot-pressing stress
(P) and the deformation stress (o) as shown in Fig. 1.
Sections parallel to P (referred to as PAR) were
characterized for all samples; moreover, in the defor-
med samples, these sections were also chosen parallel
to o. For the hot-pressed and annealed samples the
section PER was normal to P, and for the deformed
samples normal to o. For each sample statistical
analysis was performed on at least 1000 grains ob-
served in five different fields.

The parameters of the microstructure which were
used in this work were briefly as follows.

The mean grain size (d), given by 1.383'/2, where §is
the mean intercept area of the grain in a planar section
[12]. This parameter is defined as a three-dimensional
diameter.

The equivalent diameter (d), the diameter of the
circle having the same area as the section of the grain
considered.

The eccentricity (ecc), the eccentricity of the inertia
ellipse associated with the grain considered. It is de-
fined by [1 — (b?/a?) J*/* where a and b are, respect-
ively, the major and minor axes of the inertia ellipse.

The direction, given by the angle between the major
axis of the inertia ellipse and the horizontal axis Ox of
the figure. Samples were carefully placed in the micro-
scope and this axis was therefore perpendicular to the
direction of P and parallel to o in PAR sections.

The grain aspect ratio (GAR), given by I p/, p,
where [ is the mean intercept length measured manual-
ly in a given direction; in this work [ was measured
parallel and perpendicular to P.

The feret diameter (fer,), the length of the projection
of the grain on the x-axis; fer, is defined in a corres-
ponding way.

1/2

The mean value of a parameter i is written {i) and is

given by ) i,/n, where n is the number of grains.
J

3. Results and discussion
For the sake of illustration, one typical microstructure
of the studied alumina is shown in Fig. 2 (sample INI
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Figure I Orientation of the different sections studied relative to the
referential given by the directions of P and o.

of Table I); the corresponding binary image and the
associated inertia ellipses are also shown in this figure.
The binary image can be considered as a two-dimen-
sional cell-complex and is used to perform quantitat-
ive analysis. In this image the limits of the grains are
defined by points distributed along the grain bound-
aries, the number of points depending on the para-
meters that are chosen for one step of the image
analysis procedure [1]. Fig. 3 shows the evolution of
the strain rate (&) with time (f) under creep conditions
for a uniaxial compressive stress of 20 M Pa at 1450 °C;
the strain rate plateau appeared clearly after 150 min.
The strain level (¢) reached after 500 min under these
conditions was — 0.5. (The test was stopped at this
strain level to maintain a uniaxial stress state in the
middle part of the sample.) The evolution of d meas-
ured on the PAR section of the deformed samples is
also shown in Fig. 3 and can be represented by a
classical grain growth law given by

d—dy = B7x107% pum’s !

where d, is the mean grain size after hot-pressing
(referred to as the INI state in Table I). The exponent 3
is generally considered as a characteristic of the grain
boundary migration-controlled solute drag of impu-
rities or solute.

The mean parameters used in this work to charac-
terize the grain shape were GAR and ecc. Their varia-
tion during creep is shown in Fig. 4. These parameters
are nearly constant when the creep time is < 150 min
(the period corresponding to a strain level of — 0.25
under these conditions) and increase rapidly during
the strain rate plateau. For the stress-free annealed
samples these shape parameters did not show any
significant difference from those for the hot-pressed
samples.

In all cases {ecc) is greater than zero, the value that
corresponds, from the definition of the eccentricity, to



Figure 2 (a) Scanning electron micrograph of a typical microstruc-
ture of a dense polycrystalline alumina. (b) Corresponding two-
dimensional cell complex and (c) inertia ellipses. Sample INI in

Table I, d = 0.6 um.

a microstructure for which all grains are equiaxed.
This result is also true for the samples having a GAR
approximately equal to unity (see Fig. 4). Such a
difference is due to the definition of these two para-
meters. On the one hand, ecc is related only to the shape
of the grains, not to any external referential; on the
other hand, GAR is related to the referential given
here by the directions of P and o. Consequently, a
preferential orientation of the grains affects GAR but
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Figure 3 Evolution of (a) the strain rate (€) and (b) the mean grain
size (d) during creep in compression at 1450 “C under 20 MPa.
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Figure 4 Evolution of the mean values of parameters used to
characterize grain shape during creep in compression at 1450°C
under 20 MPa: (l) GAR and (0J) <{ecc).

not ecc; as an example, a set of two-dimensional
needles randomly orientated will have GAR=1 and
ecc~ 1. The distribution functions of the grain orienta-
tions measured on the PAR section of different sam-
ples are shown in Fig. 5. In the hot-pressed state (INI)
grains are slightly oriented in the direction perpendi-
cular to P. After a deformation of — 0.3, which corres-
pond to the beginning of the plateau (DEF1), grains
do not show a preferential orientation. If the deforma-
tion is extended to a strain level of — 0.5 with half of
the overall deformation occurring during the plateau
(DEF?2), the grains become oriented perpendicularly
to o. As in this PAR section P and ¢ are perpendicu-
lar, it can be concluded that the preferential orienta-
tion of the grains changes with deformation if the
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Figure 5 Distribution of the direction for different samples in the
PAR sections: (B) INI, (1) DEF1 and (M) DEF2. When direction
= 90° the large axis of the inertia ellipse is parallel to the direction
of P. 0 and 180° are equivalent directions.

deformation is performed during the strain rate pla-
teau regime.

From these results concerning the shape and ori-
entation, it can be concluded that for samples for
which GAR =1 the grains are not equiaxed, the ec-
centricity being not equal to zero, but their preferen-
tial orientation is not sufficiently pronounced to affect
GAR. For the samples deformed during the plateau
regime the grains are more clongated, and therefore
the mean eccentricity increases and their preferential
orientation is sufficiently important to affect GAR. In
these last samples the value of GAR and the distribu-
tion of the directions show that the grains are flattened
in the direction of o.

The cumulative distribution of the normalized equi-
valent diameter (d/{d) is shown in Fig. 6 for different
samples; for all of them this distribution was apparent-
ly independent of the thermomechanical treatments.
Grain growth can then be considered as normal [13]
and the distribution of the grain equivalent diameter
can be expressed as

Fd, 1) = G(d/<dy) <{d)(t)

where <{d>(t) is the evolution of mean equivalent
diameter with time. Such a result shows that the
distribution of the normalized diameter was not affec-
ted by the grain flattening occurring during creep,
which was described in the previous paragraph. Fur-
thermore, no direct relationship between the grain size
and shape was observed. These experimental distribu-
tion curves were fitted to the most common theoretical
ones: lognormal, Rayleigh function and gamma
(I)-function [14] ; these functions were calculated
using the experimental values of the mean grain size
and variance. As is shown in Fig. 7, where the different
theoretical curves and an experimental onec are re-
ported, the best fit was obtained with the I'-function.
Statistical tests (x?, Kolmogoroff-Smirnoff) have been
applied to evaluate quantitatively the difference or the
similarity between these different curves without pro-
viding any conclusive result [15]. To our knowledge,
no quantitative method has yet been proposed and
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normalized diameter (d/{d>) measured for the different samples. (see
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Figure 7 Comparison of theoretical and experimental cumulative
distributions of the equivalent normalized diameter: (——) experi-
mental, (. ...) I'function, (- - -) lognormal and (- -) Rayleigh.

successfully applied to compare grain size distribu-
tions.

Cumulative distribution curves of the eccentricities
are shown in Fig. 8 for the different samples. As this
parameter is a non-metric one, it would be wrong to
use its normalized value. Except for the samples defor-
med during the plateau, which means at strain levels
higher than — 0.3 (DEF2 in Fig. 8), this curve is
similar for all samples. The shift towards higher values
of ecc for the DEF2 sample indicates an elongation of
the grains, as does the {ecc).

The mean values of the different grain shape para-
meters measured on the two kinds of sections (PAR
and PER) of the samples hot-pressed and deformed to
— 0.5 are shown in Fig. 9; the linear grain sizes
reported here are the feret diameters in the corres-
ponding directions. In the hot-pressed state (INI) d
appears to be slightly larger in the PER section but
{ecc) is the same as in the PAR section.

In the DEF2 sample the grains were significantly
larger in the PER section, but the values of ecc and
GAR were the same as in the hot-pressed state. In the
PAR section, as mentioned above, the grains were
flattened in the direction of ¢ and the feret diameter in
the direction of P was larger when P and o were
perpendicular in this section (see Fig. 1). The values of
the feret diameters in the PER section were very
similar to the larger one in the PAR section. These
results obtained with the feret diameter were also
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Figure 8§ Cumulative distributions of eccentricities for the different
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obtained when considering [ as the linear grain size.
From these observations it can be concluded that
when deformation occurs in the plateau regime, grains
become ellipsoidal with two large axes in the plane
normal to o. This shape reflects the stress state due to
the applied external stress. If the samples were defor-
med in uniaxial tension in the plateau regime, grains
would become ellipsoids with two short axes in the
plane normal to the applied stress, giving an appear-
ance similar to a rugby ball. ~

In addition, these results show that in the platcau
regime the grain shape changes in the same way that
the sample does at the macroscopic level. Assuming
that grain growth and grain shape modification are
two independent processes, the effects of these two
phenomena on the linear dimensions of the grain in
different directions can be calculated separately. During
grain growth the grain shape does not change. The
ratio between the linear dimension of the grain before
and after grain growth is independent of the direction:
for example, I} = k', where the subscript x refers to
the direction and the superscripts R and I refer to

example, after deformation of an annealed sample by
applying an external stress ¢ in the x-direction, the
deformation of the grain in the x-direction is

g, = In (I2/9)

where the superscript D refers to the deformed state.
As the stress state is uniaxial, &, = ¢,. If the volume of
the grain does not change during the deformation
step, €, can be calculated from the mean linear dimen-
sions of the initial and deformed samples assuming

that s~ 1,1
& =1In <(Sl) Phypo (l|w)”3>
* (SD)1/3I||p1 (llIPD)1/3

Fig. 10 shows the evolution of &, with the deformation
(€) of the samples. It can be seen that when deforma-
tion occurs during the plateau, the grains have almost
the same deformation as the sample (de,/0ex 1). As it
has been shown that for this composition the plateau
is related only to the grain size [10], this plateau can
be observed from the beginning of the deformation. In
this case the same grain shape change was observed as
deformation proceeded during the plateau regime.
Such a grain shape evolution suggests that disloc-
ations could be active inside the grains during the
plateau regime.

4, Conclusion

A semi-automatic image analysis method was applied
to study the evolution of the grain shape and size
during high-temperature compressive creep of yttria-
doped alumina. It was shown that grains flatten in the
direction of o when deformation occurs during the
strain rate plateau that is characteristic of this mater-
ial. This flattening of the grains did not affect the
normalized grain size distribution function. This func-
tion can be best approximated by a I'-function.
Characterization of differently oriented sections
showed that the grains followed the same shape

initial and annealed samples, respectively. For  change as the sample at the macroscopic level when
Sample
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Figure 9 Schematic representation of mean values of the parameters measured on the PER and PAR sections for the samples INI and DEF2.
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Figure 10 Evolution of the absolute value of the calculated defor-
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deformation proceeded during the plateau regime; in
this case the calculated strain of the grains was similar
to that of the sample.
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