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Abstract

The contribution of grain boundary sliding to total strain has been investigated in a superplastically deformed fine-grained
alumina by atomic force microscopy in contact mode. The analysis of the surface relief and of its change with strain allowed us
to determine the vertical component of grain boundary sliding as a function of strain up to 16%. Grain boundary sliding has
been thus estimated to contribute to about 70% of total strain. This value is compared with results published on alumina ceramics
or superplastic metallic alloys. The reliability and the limitation of the method are also discussed. © 1999 Elsevier Science Limited

and Techna S.r.I. All rights reserved.
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1. Introduction

Deformation of polycrystalline ceramics is largely
dependent on grain boundary sliding. This relative
motion of two adjacent grains is a step required either
to maintain the material cohesion and to avoid the for-
mation of grain boundary cracks [1], as in the case of
pure diffusion mechanisms, or to produce the main part
of deformation as this is observed in the superplastic
behaviour of fine-grained ceramics. In this last case the
real contribution of grain boundary sliding to total
strain can be large but its determination is not easy.
Methods that are well adapted to materials with a large
grain size, such as (i) marker lines on the surface speci-
men and measurement of offsets after deformation [1-6]
or (ii) measurement of step height perpendicular to spe-
cimen surface by interferometric methods [7-9] or con-
ventional surface analysis [10] for instance, are not
easily transposable to ceramics with a grain size as fine
as 1 um or less. Besides the indirect method that consists
in measuring the grain shape anisotropy after deforma-
tion [11-15] generally overestimates this contribution
because grains tend to keep an equiaxed shape due to
boundary mobility [10] and surface energy minimization.
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In this paper an attempt to estimate the contribution
of grain boundary sliding to total strain in a super-
plastically deformed fine-grained alumina is made by
using atomic force microscopy (AFM). In contact
mode, the microscope behaves as a high resolution sur-
face analyser and provides a surface analysis with a high
accuracy that allowed us to observe the changes in relief
with increasing strain. The results deduced from this
analysis are compared to those obtained from grain
shape changes.

2. Experimental

The alumina used in this study was a commercial
alumina (HR8 Criceram, Jarrie, France) doped with 500
ppm MgO and 4000 ppm ZrO,. A disk of this material
was fully densified by hot-pressing at 1400°C under a
pressure of 30 MPa. The initial average grain size was
0.98 £0.03 um. From the disk a specimen (7x3x3 mm)
with the compression axis parallel to the pressing direc-
tion was cut and one of the lateral faces was first dia-
mond polished and then thermally etched to reveal
grain boundaries. This surface was examined by AFM
(Digital Instruments) in contact mode before creep
and after compressive strains ¢ of 4, 8, 12 and 16%,
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respectively, performed at 1350°C under a stress of 50
MPa. In each case six 10x 10 um areas (512x512 points)
at least were analysed and determination of the grain
boundary sliding component perpendicular to the spe-
cimen surface (the v component in Fig. 1) was made on
three of these areas, the total number of measurements
being about 450 for each strain (in such conditions the
spatial resolution was better than 20 nm in the hor-
izontal xy plane and better than 0.5 nm in the perpen-
dicular z direction). The boundaries selected for this
analysis were those intercepted by nine lines, parallel to
the compression axis and equidistant (1.1 pm). For each
selected boundary the perpendicular component v was
estimated by measuring at the grain boundary place
the vertical offset (later on “offset” or “‘component v’
will be used interchangeably with the same meaning)
between the planes that fitted surfaces of adjacent grains
with the best agreement (Fig. 2).
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Fig. 1. Definition of the vertical component v of the grain boundary
sliding.
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Fig. 2. Example showing the procedure used to determine the vertical
component v.

3. Results

Fig. 3 shows the specimen surface (a) in the uncrept
state and (b) after strains of 4%, (c¢) 8%, (d) 12% and
(e) 16%, respectively. The grey colour scale accounts for
the surface height, white for the highest surface elements
and black for the lowest ones. From these micrographs
and from Fig. 4, that presents a surface plot after a 16%
strain, the effect of grain boundary sliding is highly
visible: surface relief is more and more important when
strain increases. According to procedure described in
part 2 the vertical offsets have been determined for each
analysed area and then arranged by ascending value, to
allow easier comparisons. Fig. 5 presents the various
curves; for each strain the three curves are very similar.
They clearly indicate that the offset values are increasing
with strain. From these curves the distribution functions
of the offset values have been deduced. They are shown
in Fig. 6 as a plot of the fraction of offsets in the ranges
0-25, 25-50, 50-75 nm, etc. The increment value of
25 nm is wide enough to take into account in each range
an adequate number of measurements and avoids too
much scatter. While about 80% of the offset values in
the uncrept state are in the range 0-25 nm, after a strain
of 16%, half of the values are higher than 50 nm, values
larger than 200 nm being recorded. This corresponds to
a flattening and a broadening of the distribution curve
with increasing strain, a behaviour accounting for an
increase in grain boundary sliding.

From the whole range of offset values, the mean ver-
tical component <v> of the grain boundary sliding has
been calculated for each analysed 10x10 pm area. The
result is reported in Fig. 7 as a plot of <v> vs strain.
The second series of data in this figure represents
the surface roughness Ra, directly determined by the
microscope. A correlation exists between these two
kinds of results supporting the idea that, indirectly,
roughness measurements would be able to account for
grain boundary sliding. However the direct use of these
measurements is not simple because they take into con-
sideration numerous information like grain surface
shape, boundary depth, cavities, etc., that can depend
on surface preparation. Except at zero strain, the
experimental values <v> can be fitted by a straight line
whose slope is 2.92+0.3 nm/%. Note that during creep
tests, the average grain size was very stable (1.02 um
after the strain of 16%).

From determination of the grain aspect ratio (here
defined as the mean average grain size in a direction
parallel to the compression axis over that in the perpen-
dicular direction), an attempt to estimate the contribu-
tion of intragranular deformation to total strain was
made. Fig. 8 presents this quantity vs strain. Due to the
weak evolution of the aspect ratio and to the experi-
mental scatter it is difficult to draw a reliable conclusion,
except that intragranular deformation seems very small.
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Fig. 3. AFM micrographs showing the change in surface relief with increasing strain: (a) 0%; (b) 4%:; (c) 8%; (d) 12%; (e) 16%.
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Fig. 4. Surface plot showing the effect of grain boundary sliding after
a 16% strain [central part of Fig. 3(e)].
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Fig. 5. Plot by ascending order of the vertical offsets v for the different
analysed areas. Note the good reproductibility of the three curves for a
given strain. 150 boundaries have been considered in each case.

4. Discussion
4.1. Reliability and limitation of the method

In this work the atomic force microscope was used as
a high resolution surface analyser. The knowledge of the
three coordinates x, y and z of each point of the speci-
men surface should allow determination of the change
in the z component across any grain boundary. How-
ever due to thermal etching of boundaries and to tip
shape (the tip is a SizNy4 pyramid with a 4x4 pm basis

80 7
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offset range (nm)

Fig. 6. Distribution functions of the offset value vs offset range.

and 3 pm high), grain edges do not appear very sharp
but rather rounded and thereby the real offset between
two neighbour grains is partly screened; this is the rea-
son why this offset was determined by comparing each
grain surface to a plane (Fig. 2). Nevertheless this is not
always easy when grain surfaces are curved. This dis-
advantage can be minimized by careful polishing and
with thermal etching conditions that avoids too rapid
surface diffusion to preserve surfaces as flat as possible.
This means also that deformation conditions must pre-
vent any change in the grain surface shape, as produced
by rapid surface diffusion or by oxidation in the case of
non-oxide materials. This is a restriction that must be
taken into account to avoid surface artefacts. Beyond
this remark, it seems that the procedure is reproducible
enough, a good agreement between the three curves
obtained at each strain exists (Fig. 5), to claim that this
analysis method is reliable in the present case. Yet from
curves in Figs. 5 and 7, it can be ascertained that the
experimental scatter slightly increases with strain. This
can be explained by the facts that (i) deformation is
not really homogeneous in the whole specimen, (ii) not
only grains suffer translation but also rotation (that is
difficult to take into consideration) whose amplitude
increases with strain and (iii) due to grain boundary
sliding it is also possible that small grains leave the spe-
cimen surface, modifying its topography.

These observations suggest that the results obtained
by this method would be more difficult to analyse at
higher strains on such fine grained materials. They
are consistent with conclusions drawn by Shariat et al.
[4]. However, Lin et al. [5] showed that information
obtained at low elongation (up to 50%) in a Zn—22% Al
eutectoid alloy were not very different from those
obtained at higher elongations (200%). Under these
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Fig. 7. Average offset value and roughness against strain for each
investigated 10x 10 pm area.

conditions one can believe that our results can be
generalized to higher strains.

4.2. Determination of the strain resulting from grain
boundary sliding

Fig. 7 presents the evolution of <v>, the average
vertical component of the grain boundary sliding, as a
function of strain ¢ and shows that the specimen surface
is not strictly flat in the uncrept state, i.e. that <v>#0
for e=0. Under these conditions the calculation of the
strain gy, resulting from grain boundary sliding cannot
be deduced according to the relation initially proposed
by Langdon [1]:

Egbs = QN <V > (1)

where n; is the number of grains per unit length and ¢
is a numerical factor equal to 1.4 for an annealed sur-
face. From Eq. (1) the contribution of grain boundary
sliding to total strain ey, is defined as y=eégps/€101, 1.€.
presently:

y = Ldn[< v(e) > /¢] 2)

To account for the above observation at e=0, Eq. (2)
has been modified and the relative strain y has been
estimated according to relation:

Y = Egbs/Eror = L.4m[d <v(e)> /de] A3)

where the term in brakets is the slope of the line that fits
the experimental data in Fig. 7 after a strain of 4%. The
increase in strain from 0 to 4%, that does not entail a
similar increase in offset, is probably due to a transient
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Fig. 8. Dependence of the grain aspect ratio upon strain.

during which preexisting offsets can be either amplified
or, on the contrary, reduced due to the boundary
orientation relative to that of the compression axis.
According to the slope (2.92+0.3 nm/%) and to
the value of n (1.74 grain/um) a relative strain
y=0.71£0.08 is obtained. Due to the above remarks
concerning the change in grain shape anisotropy with
strain, it is difficult to compare the results obtained by
the two methods. One can simply assess in the present
case that the change in grain shape anisotropy cannot
account for a contribution of intragranular strain to
total strain of 30%.

4.3. Comparison with the literature

The value of the sliding contribution of 71% shows
that grain boundary sliding is preponderant in this kind
of material, a consistent conclusion owing to the very
fine grain size that allowed us the observation of super-
plastic behaviour [16].

This value is consistent with those already published
concerning alumina polycrystals. Cannon and Sherby
[10] determined a contribution of grain boundary slid-
ing to total strain of 58 and 44% for two aluminas, a
medium-grained one (14 to 30 um) and a coarse-grained
one (65 um), respectively. It is known that intragranular
strain is larger in coarse-grained materials than in fine-
grained ones. This explains a lower sliding contribution
in this study. More recently Chokshi [6], by measuring
the offset in markers lines, obtained a grain boundary
sliding contribution of 70% for an alumina with a grain
size of 9.5 um, a value comparable to ours.

Our value is also in good agreement with measure-
ments of grain boundary sliding in the superplastic
region II for metallic alloys. For these materials, sliding



394 L. Clarisse et al.|Ceramics International 25 (1999) 389-394

contributions of 50 to 70% of the total strain have been
reported in the region of maximum superplasticity [3,5],
while this contribution decreased to values of about
20% in the less superplastic regions I and III.

5. Conclusions

This study showed that atomic force microscopy is a
suitable method to evaluate grain boundary sliding and
its contribution to total strain in fine-grained ceramics.
In the case of an alumina material with a mean grain
size of 1 um, for which a superplastic behaviour has
been already identified [16], the contribution of grain
boundary sliding to total strain yielded an average value
of 71%. This result is very encouraging and suggests the
use of this technique to other fine-grained ceramics, not
only for the determination of the grain boundary slid-
ing, but also for the dependence of this sliding with the
kind of interface in two phase materials for example. In
this case AFM images must be coupled with SEM
observations to be certain of the phase distribution,
image contrast being not dependent on the phase
chemistry in the different ceramics materials we have
tested (alumina/zirconia, spinel/zirconia).
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