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Grain boundary sliding-induced deformation in a 30 wt%
zirconia—spinel composite: influence of stress
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Abstract

The contribution of grain boundary sliding to total strain has been investigated in a 21 vol% zirconia—spinel composite crept
under stresses of 12 and 90 MPa. To this goal, the surface topography and its changes with strain were investigated on a face
parallel to the compression axis by atomic force microscopy in contact mode. Due to the low zirconia content, only sliding on
spinel-spinel (S-S) and spinel-zirconia (S-Z) boundaries really contributes to strain and was consequently analysed. Insensitive to
stress value, boundary sliding can account for 70-80% of the total strain. However, if the two investigated interfaces behave simi-
larly at 90 MPa, at 12 MPa sliding on S-Z boundaries is larger than on S-S ones. That difference is to relate to a stress—strain rate
sensitivity dependent on stress, 1.8 and 4.2 at 90 and 12 MPa, respectively, an increase in the stress exponent able to be induced by
the existence of a threshold stress that would concern spinel-spinel boundaries. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The role played by grain boundaries during the
superplastic deformation of materials is of prime
importance. Concerning metallic alloys for instance, it
has been shown that grain boundary sliding is the rate
controlling mechanism in the superplastic region II of
the stress—strain rate diagram and may account for the
essential of the total strain.! Comparatively, grain
boundary sliding seems to be less active in the low stress
region I. This may result from grain boundary impurity
segregation that affects the movement of grain bound-
ary dislocations.? Thus, in the case of the superplastic
Pb-62%Sn eutectic, Vastava and Langdon® reported
that the contribution of grain boundary sliding to total
strain is about 50-60% in the region II while it decrea-
ses to only 20% in the region I, values in concordance
with those measured in other superplastic metallic alloys
(see # for instance).
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Though results relating to ceramics are less docu-
mented, it is likely that the above conclusions are
roughly valid for this kind of material, grain boundary
sliding being able to contribute to more than 70% of the
total strain of fine-grained ceramics for certain defor-
mation conditions.>™’

This work is devoted to the investigation of grain
boundary sliding in a zirconia—spinel composite tested
under two stress levels for which very different stress
sensitivities of the creep rate ¢ (n in the equation:
& = Ao”, with o the stress) were established: n is about
1.5-2 for stresses higher than 70 MPa while it increases
to values as high as 5 when the stress is reduced to 10
MPa.8 This observation is often ascribed to a thresh-
old stress>!%!! that must be exceeded to allow material
deformation. In the present case, understanding of this
behaviour needs first to know whether one kind of
boundary is more specially implied in its origin, three
types of interfaces being able to contribute to boundary
sliding in a two-phase material. Determination of the
sliding capability of various interfaces, a fundamental
property of grain boundaries with respect to plastic
deformation, is able to give useful information about

0955-2219/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.

PII: S0955-2219(00)00079-0



2064 A. Addad et al. | Journal of the European Ceramic Society 20 (2000) 2063—2068

this origin and will allow to select, for instance, the kind
of boundary that should be investigated by high resolu-
tion transmission electron microscopy or analytical
microscopy. In the material selected for this study,
owing to the reduced volume ratio of zirconia phase
(21%), zirconia—zirconia boundaries are much fewer
than spinel-spinel (S-S) and spinel-zirconia (S-Z)
interfaces (~3% of all boundaries) and do not really
contribute to deformation. Consequently, grain bound-
ary sliding determination has been focused on S-S and
S—Z interfaces. To this end, owing to the fine grain sizes
of composite (~1 um) that do not allow the use of con-
ventional methods as interferometry or measurement of
offset of marker lines, an atomic force microscope
(AFM) has been used to investigate the changes in sur-
face topography with deformation, a technique that has
already proved its ability in the case of two fine-grained
ceramic materials, a single phase alumina® and a zirco-
nia—alumina composite.’

2. Experimental procedure

The 30 wt% ZrO,~MgAl,0O4 composite was prepared
by a technique already described!? that consists in
coating crystalline spinel particles of a commercial
powder (Baikowski S30CR, Annecy, France) with a
zirconia precursor. After drying and firing of the coated
powder, disks were cold pressed and then sintered at
1550°C during 1 h. This resulted in a nearly fully densi-
fied material (about 99% of the theoretical density) in
which the distribution of zirconia particles in the spinel
matrix is very homogeneous. Fig. 1 is a scanning elec-

Fig. 1. Backscattered electron micrograph showing the distribution of
the two phases. Dark grains are the spinel ones.

tron micrograph (SEM) which shows the distribution of
the two phases. Zirconia particles are mainly located at
triple points of the spinel phase. The mean intercept
values of spinel and zirconia grains are Ls=0.46 pum
and Lz =0.40 pm, respectively.

Compressive creep tests were performed in air at
1380°C under stresses of 12 and 90 MPa up to strains of
18 and 15% respectively. These strains are large enough
to produce a meaningful sliding contribution but not
too important to avoid difficulties in the analysis of
surface relief changes. Specimen size was 3x3x7 mm.
Prior to creep, one of the side face was diamond
polished and annealed. Then several 10x10 pum areas
were examined by AFM in contact mode with a pyr-
amidal SizNy tip, at constant deflexion of the cantilever.
In these working conditions, the AFM is used as a high
resolution profilometer.® Presently, we have checked
that this mode did not introduce artefacts able to
strongly modify the surface profile relative to the real
one'3 (in particular no abrasion of the specimen surface
was observed) except those inherent in the tip shape
whose influence on the surface topography can be fore-
seen.!* After completion of the test, the same zones as
those examined prior to creep were again analysed.
Then, the sliding component perpendicular to the speci-
men surface (the v component in Fig. 2) was determined
by comparing the surface profile perpendicularly to the
same boundaries on images recorded before and after
deformation.

Two examples are presented in Fig. 3a and b. In the
first case when the interface is surrounded by two large
grains, the average surface of each grain is adjusted by a
plane. The magnitude of the sliding component v, car-
ried out according to Fig. 3a, corresponds to the change
in step height (in absolute value) that occurred during
deformation (here |vy + vy5|). In the second case when small
grains were implied, (frequently zirconia grains) their sur-
face was often curved. The top of the grain was taken as
reference as Fig. 3b shows; the component v is then equal to
[vig—Vol. In addition, these examples are revealing of the
grain rotation happening during deformation.

Fig. 2. Representation of the component v of the grain boundary
sliding.
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Fig. 3. Two examples presenting the method used to determinate the
grain boundary sliding component v: (a) case of two spinel grains and
(b) case of a spinel grain (2) and a zirconia grain (1). Horizontal scales
in pm, vertical scales in nm.

In each 10x10 um analysed area (5 areas were exam-
ined in each specimen corresponding to more than 250
boundaries of each kind), the selected boundaries were
those intercepted by nine equidistant lines (~1.1 pm)
parallel to the compression axis; this procedure allows
the preservation of the haphazard characteristic of the
method.®!3

3. Experimental results

Fig. 4 shows the stress—strain rate diagram for this
material and the experimental stress conditions corre-
sponding to n values of 1.8 (¢ =90 MPa) and 4.2
(o = 12 MPa). These stress values have been chosen to
avoid both grain coarsening and cavity formation that
would disturb grain distribution. The changes in topo-
graphy associated with deformation at 12 and 90 MPa
are presented in Figs. 5 and 6, respectively. In these fig-
ures, the grey level accounts for the z coordinate, the
one perpendicular to the image plane. By comparing
images prior to and after creep the effect of deformation
is clearly visible: surface roughness and the z range

10° i ;
creep rate (/s)
. | S
1075 /
1071 -
creep exp.
O GBS creep exp.
104 ~ S
stress (MPa)
107 T
1 10 100 1000

Fig. 4. The stress—strain rate curve showing the continuous decrease
in stress exponent when stress increases; the two experimental stresses
have been indicated.

increased which renders perceptible grain boundary
sliding. Owing to the absence of information about the
grain phase (spinel or zirconia) in AFM images, this
technique was systematically coupled with SEM (Fig.
5¢). From comparison of Fig. 5b and c, it can be seen
that, because of the tip shape, prominent grains appear
slightly larger on the AFM image than on the SEM one.
Determination of the vertical grain boundary sliding
component is almost insensitive to this artefact.

From measurements of the component v, the dis-
tribution functions have been calculated for the two
types of interfaces. Increments of 20 nm has been con-
sidered. The results are presented in Fig. 7a and b that
compare the sliding behaviour of each interface at 12
and 90 MPa, respectively. Table 1 recapitulates for the
S-S and S-Z boundaries, and for the composite too, the
mean value (v) of the vertical component v, the corre-
sponding sliding rate d(v)/d¢, the strain &g induced by
grain boundary sliding and the resultant contribution to
the total deformation y = ggps/€101. The strain gy, was
estimated from the relation proposed by Langdon:!>16

Egbs, i = 14<vl)/rl (1

in which the subscript i refers to the type of interface (S—
S or S-Z). The calculated value from relation (1) corre-
sponds to a material where only this kind of interface
would be present. For the S-Z interphase boundaries
the mean intercept value was taken as 0,5 (Ls + Lz).
Moreover, in the case of the composite, the average
value (v) was calculated by taking into consideration the
interception frequency of each type of interface (S-S:
52%; S-Z: 48% and Z-Z: neglected).
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Fig. 5. AFM images of a 4x4 um area: (a) prior to creep, (b) after a
creep strain of 18% under 12 MPa and (c) the corresponding SEM
image in the strained state. Note the slight topography difference
between (b) and (c).

4. Discussion

Reliability and limitation of this method have been
already discussed.®” Concerning the number of bound-
aries investigated in this work (more than 250 of each
type), it is high enough to be representative of the whole
composite. With respect to performed strains, examina-
tion of the same boundaries requires that changes in
surface topology are absent or weak, which necessary
limits the ultimate strains to about 20%. However
experiments performed in the Zn-22%Al eutectic*
showed that results obtained in a low strain range (up to
50%) or at higher elongations (200%) are very similar.
One can then believe that present results would be still
valid for larger strains. We would like to add, in the
present case, that difficulty arose from a bad boundary
grooving by thermal etching. This issues from the low
surface diffusivity in the spinel phase for annealing
conditions that preserve the material grain sizes.

0 1 2 3 4 pm

Fig. 6. AFM images of a 4x4 pm area: (a) prior to creep and (b) after
a creep strain of 15% under 90 MPa.
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Fig. 7. Distribution functions comparing the sliding behaviour of the
two types of interface at (a) 12 MPa and (b) 90 MPa.

Two kinds of information arise from Fig. 7 and Table
1. The first one concerns the average behaviour of
boundaries in the composite. At 12 and 90 MPa grain
boundary sliding contributes to about 70 and 80% of
the total strain respectively. On the one hand these
values show the importance of grain boundary sliding in
the composite deformation, even at low stress when the
stress exponent exhibits an unusual high value. On the
other hand, owing to measurement scattering, the two
values are very similar, contrary to observations in
metallic alloys.* This demonstrates that at 12 MPa (at
1380°C the threshold stress has been estimated to about
5-6 MPa®°%) an intragranular deformation mechanism,
such as dislocation glide or a pure diffusion creep, did
not take the place of grain boundary sliding when this
one appears to be more difficult than at 90 MPa.

The second information is relative to the particular
sliding capability of each type of interface. The two
investigated boundaries behave differently as a function
of the stress level. At 90 MPa the two distribution
functions are about similar and lead to equivalent con-
tributions of S-S and S-Z boundaries to total strain. On
the contrary, the distribution functions at low stress
strongly differ: the sliding contribution on S-Z inter-
phase boundaries is larger than on S-S interfaces. In the
low stress range spinel-zirconia boundaries are more
suited to slide than spinel-spinel ones and balance the
weaker contribution of spinel-spinel boundaries to total
strain, an increasing contribution of an intragranular
deformation mechanism not being observed. Moreover,
the difference in sliding capability is likely more marked
than that reported in Table 1. Effectively, the measured
sliding magnitude for a given interface is depending
upon its surroundings and the stress redistribution acting
during the creep test. As an increase in zirconia content
improved the composite ductility,® one can conclude
that the spinel phase is the less plastic one. Consequently,
it is likely that the applied stress is mainly transferred on
the spinel phase during deformation, which favours

Table 1

Main characteristics of grain boundary sliding (gbs)

Interface® Spinel-spinel Spinel-zirconia Composite

Stress (MPa)® 12 90 12 90 12 90

Total strain (%)° 18 15 18 15 18 15

(v) (nm)© 33+4 4043 44+7 3245 38+5 36+4
Sliding rate (nm.s~')4 3.3%107 8.3*%1072 4.4%10~4 6.7%1072 3.8%107 7.5%1072
Egps (%0)° 10 12 15.3 11 12.6 12

y (%) 5547 806 85+13 74+11 70+9 80+9

2 The first line refers to the type of interface; in the case of “composite” it is a mean interface that is considered (52% S-S +48% S-Z7).
b The second and third lines recall the deformation conditions, stress and total strain.

¢ The fourth line reports the average value of component v.

4 The sliding rate in line five is obtained by dividing (v) by the test duration (10° s and 480 s at 12 and 90 MPa, respectively).

¢ In the sixth line the deformation resulting from gbs is calculated according to relation (1).

{ Finally the seven line presents the contribution y of gbs to total strain. In addition the measurement incertitude is the standard deviation of the
five average values obtained from measurements performed in each analysed area.
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sliding on spinel-spinel boundaries relative to spinel—
zirconia ones. Stress redistribution could be analysed
from these experiments if the sliding behaviour of spinel
phase boundaries was known.”

The experimental results confirm that deformation
mainly results from grain boundary sliding but that
boundaries responsible for sliding are dependent on the
stress level. Due to the large spinel volume fraction and
the absence of an additional intragranular deformation
mechanism, the decrease in sliding capability of the spi-
nel-spinel boundaries results in a corresponding
decrease in the creep rate that induces the observed
increase in stress exponent at low stress. On the other
hand, the decrease in sliding capability of S-S interfaces
at low stress is probably able to entail a threshold stress,
the very fine grain sizes of the composite being a
favourable condition for such an occurrence. Never-
theless, the present experiments do not allow to estab-
lish unambiguously the origin of such a threshold. They
just constitute an information that must be taken into
consideration in the analysis of the composite creep
behaviour as boundary investigations, by TEM for
instance to account for geometry and chemistry, or
macroscopic thermomechanical parameters are. This is
in due course.

Present contributions of grain boundary sliding are
similar to those determined in single or two-phase cera-
mic materials with grain sizes in the range 1 to a few
um,>7 i.e. about 70-80%. These values confirm that
deformation of fine-grained ceramic materials is only
weakly dependent on intragranular mechanisms. This
originates from the absence of bulk dislocations and the
high stresses required to move them when they are pre-
sent,!” a feature very different from that of metallic
alloys.

5. Conclusion

Atomic force microscopy, used as a high resolution
profilometer, allowed us to investigate the sliding cap-
ability of spinel-spinel and spinel-zirconia interfaces in
a 30 wt% zirconia—spinel ceramic, crept under two
stresses of 12 and 90 MPa, by measuring the magnitude
of the sliding component perpendicular to the specimen
surface. The contribution of sliding to total strain is
high (~70-80%) whatever stress, in agreement with
earlier data on fine-grained ceramics. Nevertheless, the
two investigated interfaces behave differently, depend-
ing on stress level. At high stress (90 MPa) S-S and S-Z
boundaries exhibit similar sliding possibilities while at
low stress (12 MPa) sliding on spinel-zirconia interfaces
is larger than on spinel-spinel ones. This decrease in
sliding capability of S-S interfaces at low stress is to

relate to the increase in stress exponent in this stress
range that may originate from a threshold stress, the
composite grain sizes being propitious to the occurrence
of such a threshold. However, the origin of this thresh-
old, in the region of a few MPa, cannot be directly
deduced from these experiments and requires subsequent
work.
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