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Grain boundary sliding contribution to superplastic
deformation in alumina-zirconia composites
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Superplastic deformation in compression has been performed on Al,O;-ZrO, laminated
composites with volume fractions of zirconia from 0 to 20%. In the as-sintered condition, the
materials exhibit a fine-grained (0.2 um) microstructure, but show differences in residual
porosity depending on the zirconia content. The grain boundary sliding (GBS) contribution is
known to be the main mechanism of deformation in the superplastic regime. Its contribution
to the total deformation can be obtained from the knowledge of the intragranular
deformation and from the strain due to densification. The contribution of the intragranular
deformation was estimated by two different methods, namely the measurement of the grain
shape variation and the change in the crystallographic texture of alumina. The reliability of
the two methods are discussed since some differences are observed. The higher GBS
contribution in the materials which exhibit the lower residual porosity is also discussed.

1. Introduction

One of the most important problems in developing
ceramic materials is related to their formability into
useful components. For this forming, superplasticity
permits substantial shape flexibility and good dimen-
sional accuracy. There is general agreement that grain
boundary sliding (GBS) is one of the major strain
contributing mechanisms of flow in superplastic defor-
mation [ 1-6] since its contribution to the total strain
usually exceeds 50% in ceramic materials [7, 8]. Be-
sides, it has been shown [7, 9] that the sliding contri-
bution to creep increases with decreasing grain size of
the material.

During superplastic deformation, conventional
plasticity also takes place (diffusion, intragranular dis-
location slip (IDS)) but its contribution to the total
strain remains limited. Experimental evidence for the
development of IDS during superplastic deformation
of alumina were obtained via transmission electron
microscopy (TEM) [10]. Data concerning the GBS
contribution can be deduced from measurements of
the offsets in marker lines, or indirectly by the estima-
tion of the IDS contribution from various techniques,
like the change in grain shape [7] or the variation in
crystallographic texture [3, 6]. A basal texture has
already been reported during the superplastic flow of
alumina, since the basal slip ((001){110)) has the
lowest critical resolved shear stress [6] at the conven-
tional temperatures of superplastic deformation.

The aim of this paper is to estimate the GBS contri-
bution to the total deformation during superplastic
creep of ultrafine grained alumina—zirconia com-
posites with particular attention to the influence of the
residual porosity.
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2. Materials and experimental
procedures

Al,03-ZrO, composites containing 0 (AZ0), 5 (AZS),
10 (AZ10) and 20 (AZ20) vol % of zirconia have been
investigated. Pure alumina (Sumitomo AKP-50) and
zirconia without any dopant (Tosoh TZ-0) were used
as starting powders. Composites were prepared by
a tape casting route, consisting of stacking approxim-
ately 50 tapes, followed by thermocompression and
uniaxial sintering (20 MPa, 100 min, 1300 °C). Densit-
ies of the sintered bodies were measured by the Ar-
chimedes’ method.

The microstructures were characterized by trans-
mission electron microscopy (TEM, Jeol 200 CX) of
thin foils taken perpendicular to the plane of the tapes,
but the loading direction was not marked. The foils
were prepared by standard ion milling procedures,
followed by carbon coating. Mean grain sizes, {d),
were measured by image analysis (Image Proplus soft-
ware) performed on TEM micrographs, according to
(dy = 1.38(<S>)"?, with (S the average grain sec-
tion area. The intercept lengths of the grains (L) were
measured along various directions in order to deter-
mine the maximum (L,,,,) and the minimum (L,,;,)
values. In the initial state and in the deformed state,
a shape parameter (Sh) was thus determined as the
ratio Lyax/Limin-

Tests were performed at constant strain rate in air
by uniaxial compression at 1300, 1350 and 1400 °C.
Initial dimensions of the samples were approximately
3.5x3.5x7mm? with the compression axis, corres-
ponding to the larger dimension, perpendicular to the
interface planes. A total strain of — 0.5 was performed
on all the samples at a strain rate of 10~*s~ 1. The
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time needed to reach the testing temperature was
approximately one hour and a homogenization period
of 40 min was systematically applied before testing.
The crystallographic texture was measured in the
compression samples by a simplified X-ray procedure
[6, 11, 12], where the I, reflections obtained from the
X-ray diffraction on a sample face are normalized with
regard to a non-textured sample according to [12]:

Ihkl/likl

(1/Npeaks) Z (Ihkl/IZkl)
hkl

p(hkl) = )

where the superscript s refers to a standard non-
textured sample (database JCPDS no. 10-173). The
number of peaks having the highest intensities con-
sidered here (Npeus) is 10. Due to the p(hkl) para-
meter, this semi-quantitative method identifies the
tendency for a (hkl) plane to be parallel to the irra-
diated sample surface. The (10 10) peak was chosen,
instead of the (00 1) peak which is the main slip plane
activated during plastic deformation of alumina [6],
because of its larger X-ray intensity and since the
corresponding plane makes a small angle (17.5°) with
the basal plane (00 1).

3. Experimental results
3.1. Microstructural characterization of the
sintered materials

Table I summarizes the constitutive parameters (mean
grain size, {d), shape parameter, Sh, % theoretical
density, p) of the materials in the as-received condi-
tions. The materials possess similar and ultrafine grain
sizes. This is unusual since a reduction of the mean
grain size of the composite is generally obtained when
zirconia particles are added to an alumina matrix
[13]. Significant differences in density are found de-
pending on the zirconia content in the composites.
The microstructures can be considered as equiaxed
since the values of Sh are close to unity. A typical
as-received microstructure is shown in Fig. 1 for
AZ20. The dark grains correspond to the zirconia
grains located in intergranular positions. Most of the
zirconia grains are twinned as a result of the marten-
sitic transformation from the tetragonal to the mono-
clinic structure which is expected to occur during
cooling after sintering. From TEM observations, it
was concluded that the grains were nearly dislocation
free. As for the other composites, the sizes of the
alumina and zirconia grains are similar. Some cavities

TABLE I Microstructural parameters of the as-received materials

Microstructural Materials

parameters
AZ0 AZS5 AZ10 AZ20
(0vol % (5vol % (10vol%  (20vol %
7r0,) Zr0,) 7r0O,) 7r0,)

{d (nm) 0.21 0.20 0.21 0.20

Sh (£0.05) 1.06 1.03 1.04 1.04

P (% praeo) 91 90 94 95
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Figure I TEM micrograph of AZ20 in the as-received condition.

can be detected, but only those which are surrounded
by rounded grains can be attributed to the residual
porosity (arrow in Fig. 1); the others are the result of
foil preparation. No intragranular cavities are ob-
served in any of the samples.

3.2. Mechanical behaviour

The high-temperature superplastic deformation in cer-
amics is usually discussed on the basis of the following
power law creep relationship:

s 4 exp< ‘R%fpv>% @

where ¢ is the strain rate, o is the flow stress, d is the
grain size, n and p are the stress and grain size expo-
nents, respectively, Q,,, is the apparent activation
energy, A is a constant, and R is the gas constant and
T is absolute temperature. From previous data [ 14], it
has been demonstrated that n does not depend signifi-
cantly on the zirconia content and is close to 2
in the experimental domain of deformation
(1300°C < T < 1400°C and & = 10~ * s~ !). Apparent
activation energies were also estimated and found to
be Q,pp ~ 650 + 50 kJ mol ™! for the composites and
Qapp ~ 500 £ 50 kI mol ™! for pure alumina. These re-
sults are in relatively good agreement with previously
reported data of superplastic deformation of
alumina-zirconia composites [2, 15] and pure
alumina [6, 12], which indicates that the residual
porosity does not seem to influence significantly the
values of Q,,,. Therefore, it was concluded that the
deformation of the materials is performed under
superplastic conditions.

Fig. 2 shows the influence of temperature on the
stress—strain curves in the case of the AZ20 composite.
A nearly steady-state regime is rapidly reached in the
first stages of the deformation as soon as the compres-
sive strain is greater than 0.05. A similar behaviour
was obtained in the case of the AZ10 composite [14],
but, when the deformation is performed on the mater-
ials with a lower relative density in the as-received
conditions (AZ0 and AZS5), the steady-state regime is
achieved at a larger strain. This is illustrated by Fig. 3,



-
S
o

120 1300 °C
= 100
o
= 80
[2]
g 60 1350 °C
& 40
20 1400 °C
0 : : : :
0.0 0.1 0.2 0.3 0.4 0.5
Strain, |¢|

Figure 2 Stress—strain curves of AZ20 at £ = 10" s 1,

Stress (MPa)
N
o
l
T

0 } } } }
0.0 0.1 0.2 0.3 0.4 0.5
Strain, |¢|

Figure 3 Stress—strain curve of AZ5 at 1400°C and £ = 10" *s~ L.

which shows the stress—strain curve of AZS at
T =1400°C. In order to get data concerning the
variation of density during compression tests, inter-
rupted tests (e = — 0.1, — 0.2, —0.3, — 04, —0.5)
were systematically performed to estimate the densifi-
cation rate [14]. It was shown that the strain harden-
ing which occurs during the first stages of the
deformation results mainly from strain-induced
densification.

3.3. Deformed materials

TEM micrographs of AZ20 and AZ5 deformed at
1400°C (¢ = 10~ *s~ 1, £ = — 0.5) are shown in Figs 4
and 5. The size and the location of the zirconia par-
ticles are not significantly affected by deformation
(Fig. 4). As illustrated in Fig. 6, grain growth takes
place during deformation and is reduced by increasing
the zirconia content. The mean grain size remains
smaller than 1 pm whatever the experimental condi-
tions and the compositions of the materials. The max-
imum value of the mean grain size after deformation
was obtained in pure alumina deformed at 1400 °C
({d> = 0.60 pum). TEM micrographs of the deformed
samples (Figs 4 and 5) indicate that the microstruc-
tures are still fairly equiaxed which confirms the
superplastic character of the deformation.

The variations of density induced by deformation
are shown in Fig. 7. Densification systematically oc-
curs during compression for all materials and at all
temperatures. [t must be noted that the densities after
deformation appear to be relatively independent of the
testing temperature. If AZ10 and AZ20 can be con-
sidered as dense (>98%) after compression, AZ0 and
AZS5 still retain some porosity after deformation.

Figure 5 TEM micrograph of AZS deformed at 1400 °C.
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Figure 6 Grain size variation with the deformation temperature.
Key: —— as received; 1300°C; —A— 1350°C; —x—
1400°C.

4. Discussion
4.1. Method for the evaluation of the GBS
contribution

Generally, the GBS contribution can be estimated by
measurement, using scanning electron microscopy
(SEM), of the offsets in marker lines at grain bound-
aries [8, 9]. However, this technique cannot be used in
the case of ultrafine grained ceramics for which the
observation of the microstructure can only be per-
formed by transmission electron microscopy. The
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Figure 7 Density variations during deformation. Key: —®— AZ0;
—— - AZS5; A AZ10; —— x—— AZ20.

evaluation of strain due to the GBS (eggs) can be
carried out by an indirect technique as previously
reported by Wakai and Kato [16], Martinez et al.
[17] and Gruffel [12]. These authors assume that the
total strain &y is the sum of two contributions:
€gps and g, where gg is the strain due to intragranular
deformation. In the case of the materials investigated
in this study, this expression must be modified to
account for sample densification during compression.
The macroscopic strain can be consequently expressed
as:

€t =&gps + &g t+ €p (3)

where €p is the strain due to densification along the
compression axis [18].

ep depends on the experimental conditions that lead
to densification. When the material is freely sintered
(no applied stress) and under the assumption of iso-
tropic densification and of a homogenous material,
€p can be expressed as:

8D=%8V=§ln% 4)
where ey is the volumic strain, p, the initial density
and p the final density.

If sintering is performed by hot pressing in a simple
die, the strain in the direction perpendicular to the axis
of the applied load is equal to zero (g, = €, = 0). The
deformation due to densification is therefore produced
along the axis of the applied load (ep = €, = &y) and
ep 1s related to the variation of density according to:

ep = In 22 (5)
p

In the case of uniaxial compression of porous mater-
ials, no analytical relation between ep and p has been
clearly established, despite some experimental work
dealing with sinter forging of alumina powders [19].
Consequently, only conditions corresponding to un-
constrained sintering and hot pressing in a simple die
can be considered. gp can thus be estimated according
to:
LinPo < g <P ©6)
3op p
However, even if the upper bound is considered, the
contribution of gp to the total strain is small
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(ep/er < 0.1), based on the experimental variations of
p obtained in this study (Fig. 7) the strain due to
intragranular deformation can be deduced from
measurement of the elongation of the grains according
to [12]:
2. Sh

£g = 3 In Shy (7)
where the subscripts I and F refer to the initial and
final states, respectively.

It must be underlined, however, that this relation is
based on two hypotheses, namely, the equiaxiality of
the initial microstructure and the isotropy of grain
growth. If one of these hypotheses is not satisfied,
Relation 7 may lead to an overestimation of the con-
tribution of the intragranular deformation. The calcu-
lation of Sh before deformation may be quite delicate
to interpret since a random spatial distribution of
elongated grains may result in a value of Sh close to
unity. Moreover in the case of alumina based mater-
ials, it has been demonstrated that grain growth is not
isotropic [20] and can be enhanced along particular
crystallographic orientations [10].

4.2. Variations of the shape parameter

Previously reported data based on this technique (Re-
lation 7) have demonstrated the major contribution of
GBS, since values of ggps ranging from 60 to 80% of
the total strain were found for alumina and
alumina-zirconia composites in the superplastic re-
gime [12, 16, 17]. The shape parameters (Sh) measured
after the compressive tests are reported in Table II
The relative contributions of the intragranular defor-
mation (g) calculated from Equation 7 is summarized
in Table III for the three temperatures investigated.
The precision of &g is obtained from the derivation of
Equation 7 and it is found that this precision is within
+ 10%. In spite of the scatter in the results, these

TABLE II Values of Sh (£0.05) at different deformation
temperatures

Deformation Materials
temperature

AZ0 AZ5 AZ10 AZ20
1300°C 1.13 1.16 1.12 1.26
1350°C 1.18 1.15 1.26 1.17
1400°C 1.17 1.29 1.20 1.23

TABLE 111 Contribution of the intragranular deformation (%)
from Equation 7

Deformation Materials
temperature

AZ0O AZ5 AZ10 AZ20
1300°C 10 15 10 25
1350°C 15 15 25 15
1400°C 15 30 20 20




values, which are an upper bound of the intragranular
strain, confirm the major contribution of GBS for
these materials in the experimental domain investi-
gated. From Table III, it can be concluded that
no significant differences are observed between the
various materials.

Thus, it is interesting to use another way to deter-
mine eg. This can be done qualitatively via the
measurement of the basal texture of alumina before
and after deformation, since intragranular deforma-
tion is generally associated with the development of
a texture [12, 21].

4.3. Texture variations

Fig. 8 shows the variation with zirconia content of
p(1010) for planes parallel and perpendicular to the
loading direction. Since values of p(1010) are system-
atically close to unity, it can be concluded that no
basal texture is developed during the uniaxial sinter-
ing. Figs 9, 10, 11 show the variation with zirconia
content of p(1 0 10) after deformation for planes which
are parallel and perpendicular to the compression
axis. The influence of the deformation temperature is
small, except perhaps for AZ5 at 1400 °C. However,
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Figure 8 Evolution of p (1010) with the zirconia content and ac-
cording to the position of the planes with reference to the axial stress
of sintering. As-received materials. Key: perpendicular;
——-E-—— parallel.
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Figure 9 Evolution of p (10 10) with the zirconia content and ac-
cording to the position of the planes with reference to the axial stress
of compression. Materials deformed at 1300 °C. Key: —®— perpen-
dicular; ——-E-—— parallel.
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Figure 10 Evolution of p (1010) with the zirconia content and
according to the position of the planes with reference to the axial
stress of compression. Materials deformed at 1350 °C. Key:
perpendicular; ——-E-—— parallel.
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Figure 11 Evolution of p (1010) with the zirconia content and
according to the position of the planes with reference to the axial
stress of compression. Materials deformed at 1400 °C. Key:
perpendicular; ——-E-—— parallel.

different behaviours were obtained depending on the
zirconia content. AZO and AZS5 do not develop a sig-
nificant texture, whereas in the case of AZ10 and
AZ20, p(1010) is greater than 1.5 in the planes per-
pendicular to the deformation axis and lower than 1 in
the planes parallel to the deformation axis. This means
that a basal texture is induced by deformation, namely
that the c-axis of the alumina grains tends to be
parallel to the direction of the applied stress. All these
results are in good agreement with previous work
dealing with the development of texture during super-
plastic deformation of dense alumina by Fridez [11]
and Gruffel [12]. In particular, these authors observed
that at 1450 °C and with similar stress levels, values of
p(1010) close to two were consistent with a predomi-
nantly intergranular deformation mode.

These results lead to the conclusion that some dif-
ferences, in the contribution of plastic deformation to
the total strain by a dislocation activity, exist between
the materials which exhibit significant residual poros-
ity before deformation (AZ0 and AZ5) and the mater-
ials which are nearly dense in the as-received
conditions (AZ10 and AZ20). It should be noted that
this difference was not revealed by the estimation of
the Sh variations. Consequently, it can be inferred that
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the hypotheses required for the calculation of gg,
according to Relation 7, are possibly not fulfilled. In
particular, it can be hypothesized that the as-received
microstructures were not perfectly equiaxed but
that the grains are elongated in random directions. In
this case, Sh would be equal to unity but would
be unacceptable to describe the equiaxiality of the
microstructure.

4.4, The GBS contribution

Based on the experimental results: (i) the contribution
of the densification strain to total displacement is
systematically very limited (<10%), (ii) the initial
microstructures are similar and (iii) the contribution of
plastic deformation is larger for the materials which
exhibit the lower residual porosity in the as-received
condition; it can be concluded that the residual poros-
ity affects the GBS contribution during superplastic
deformation. Indeed, grain boundary sliding generates
stress concentrations at triple junctions [22], which
can be released by plastic deformation in the adjacent
grains [6]. In the case of materials with significant
residual porosity before deformation, stress concen-
trations are expected to be reduced. Such behaviours
were particularly observed at 1300, 1350 and to a
lesser extent at 1400 °C, since a noticeable densifica-
tion takes place at this temperature for AZS5 (Fig. 7).
Besides, superplastic deformation of porous ceramics
has already been demonstrated, both in compression
[23,24] and tensile conditions [25].

Finally, the GBS contribution to the total strain can
be estimated to be greater than 90% for AZ0 and AZ5
(ep < 10%, eg ~ 0) and greater than 70% for AZ10
and AZ20 (ep < 10%, eg < 20%). These values can be
compared to previously reported data on superplastic
deformation of structural ceramics, obtained from
measurements of the grain shape change (Relation 7)
[12,16, 17] or of the offsets in marker lines across
grain boundaries [7, 8, 18], which led in both cases to
values of GBS contributions between 70 and 80% of
the macroscopic strain. The particularly high value
obtained for AZO and AZS5 can be attributed to the
residual porosity which allows GBS accommodation
and reduces the contribution of intragranular
deformation.

5. Conclusions

Superplastic deformation of alumina-zirconia com-
posites has been demonstrated. The contribution of
intragranular deformation was estimated from both
texture formation and variation of the grain shape.
Differences are observed between these two methods
and care must be taken in the use of the parameter Sh
to quantify the grain shape change, since it may be
unsuitable to describe some particular grain mor-
phologies. The materials with the greater residual
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porosity (~10%) had a higher GBS contribution
(>90%) to superplastic strain than the more densified
materials (GBS > 70%). Consequently, the achieve-
ment of ultrafine microstructures with well distrib-
uted, ultrafine and intergranular residual porosity
after sintering, could permit some shape flexibility by
superplastic forming,.
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