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Cooperative grain-boundary sliding in polycrystalline ceramics

H. Muto*, Y. Takahashi, T. Futami, M. Sakai

Department of Materials Science, Toyohashi University of Technology, Tempaku-cho, Toyohashi 441-8580, Japan

Received 7 October 2001; received in revised form 10 December 2001; accepted 20 February 2002

Abstract

The microscopic processes and mechanisms are investigated for the superplastic deformation of 3mol% yttria-partially stabilized
tetragonal zirconia polycrystals. Tensile tests are carried out by the use of test specimens with various dimensions in order to
examine the “specimen size effect” on stress—strain curve. The formation and development of surface corrugation on tensile speci-
mens induced during superplastic deformation are carefully studied as a function of tensile strain. New findings, i.e. the “specimen
size effect” and the “‘surface corrugation” are discussed in terms of the concept of cooperative grain-boundary sliding as a candidate

for superplastic deformation and flow of polycrystalline materials. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The science and engineering of superplastic deforma-
tion has been steadily growing and yielding attractive
fields including the continuum- and micro-mechanics,
practical applications to superplastically molding engi-
neering components, etc. since the discoveries of huge
elongation in an metallic alloy! and also in a ceramic
material®> were reported. Although plenty of models for
grain-boundary sliding during superplastic deformation
have been proposed,>!! these are not sufficient enough
to understand the most important feature of super-
plastic deformation, i.e. no necking during a large-scale
elongation.

The most plausible candidate of microscopic pro-
cesses for the superplastic deformation of polycrystal-
line materials may be cooperative grain-boundary
sliding (CGBS), occurring through the cooperative
movement of grain groups.®!> A series of studies for
CGBS have been conducted by many scientists, since
the work of Ball and Hutchison in 1969.¢ Theoretical
considerations and experimental works for CGBS
mechanisms have also been made by the present
authors.!?>71 They concluded from the view point of the
principle of minimum energy dissipation that the co-
operative sliding of grain groups along grain-boundaries
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is essential to the large-scale superplastic deformation of
polycrystalline materials.'?

The intent of this paper is to examine in experiment
the microscopic processes and mechanisms in the
superplastic deformation of a 3 mol% yttria-partially
stabilized tetragonal zirconia polycrystal (3Y-TZP).
Mainly scrutinized are the theoretical prediction of “test
specimen size effect”!® as well as the microscopic pro-
cesses for the formation and development of surface cor-
rugation that is induced during superplastic elongation.!?

2. Experimental
2.1. Materials

The 3Y-TZP used in this work was supplied from
Nikkato Co. Ltd., Japan. It has a mean grain diameter
of 0.3 um, being small enough to exhibit well-defined
superplastic deformation. Soda-lime glass (SL-glass)
was also used as a reference material, for it has none of
grain structures and exhibits a ‘linear” viscoelastic
deformation and flow. Some characteristic properties of
these materials are listed in Table 1.

2.2. Tensile test

3Y-TZP and SL-glass plates were machined to tensile
specimens with the dimensions depicted in Fig. 1; the
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gage length Ao of 30 mm and the cross-sectional area A
(= By x W) ranging from 3 mm? (1x3 mm) to 36 mm?
(6x6 mm). The detailed dimensions of test specimens
labeled as A, B, C, D and E are listed in Table 2.
Tensile tests were conducted by a conventional
Instron-type testing machine (Sanwa Kiki Co. Ltd.,
Toyohashi, Japan) equipped with an electric furnace
with SiC heating elements. The load P and the strain €
during tensile testing were measured by a water-cooled
load cell (TCLZ-200K A, Tokyo Sokki Co. Ltd., Tokyo,
Japan) and a laser-speckle extensometer, respectively.
Detailed setup of the test system was reported in the
literature.!>!® The tensile tests were conducted under a
constant crosshead speed of 0.05 mm/min at 570 °C for
SL-glass and of 0.02 mm/min at 1300 °C for 3Y-TZP.
A consecutively repeated tensile test was also con-
ducted for 3Y-TZP under a constant crosshead speed of
0.03 mm/min at 1300 °C. The first run in this repeated
test was terminated at the tensile strain of 0.2, and then,
the specimen was removed out of the furnace. The pro-
file of the corrugation induced on the side surface of
elongated specimen was measured by a surface rough-
ness meter (SURFTEST SV-600, Mitsutoyo Co. Ltd.,
Kawasaki, Japan). After the measurement of surface

Table 1
Some properties of the ceramics used in this work

Young’s modulus (GPa) Mean grain size Density (g/cm?)

SL-Glass 74 - 2.51
3Y-TZP 210 0.3 6.04

W,

~

Fig. 1. Geometry of test specimen.

corrugation, this specimen was set again in the furnace
to conduct the second repeated tensile test to the strain &
of 0.5, and then, the third run to £=0.75. The measure-
ment of the profile of surface corrugation thus con-
ducted in the respective test runs elucidates how the
surface corrugation forms and develops during elonga-
tion. Their stress vs. strain curves (S-S curves) were also
measured in these repeated tests.

2.3. Microstructural observation

The microstructural observations were made by scan-
ning electron microscopy (SEM) after tensile testing. A
part of the gauge section cut out of a deformed tensile
specimen was surface-finished with diamond paste (1
um grains). After thermally etching the polished surface,
the microstructural changes induced during elongation
were carefully examined on the etched surface.

3. Results
3.1. §=S curve

The relationships of the S—S curves obtained for test
specimens with various dimensions are plotted for SL-

Table 2
Dimension of tensile specimen
Lo By Wo Ao (= Box Wy)
(mm) (mm) (mm) (mm)
A 30 1 3 3
B 30 2 2 4
C 30 3 3 9
D 30 4 4 16
E 30 6 6 36
SL-Glass: A,B,C,D; 3Y-TZP: A,B,C,D,E.
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Fig. 2. S-S curves of SL-glass for test specimens with various
dimensions.
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glass in Fig. 2 and for 3Y-TZP in Fig. 3, respectively.
The strain rates € are 24x107¢ s~! and 8.5x107¢ s~! for
SL-glass and 3Y-TZP, respectively. It is a very natural
consequence in linear viscoelastic materials that gives
none of test specimen size effect on the S-S curve, as
actually seen in Fig. 2 for SL-glass. However, the S-S
curves of 3Y-TZP do depend on the size of test speci-
men (see Fig. 3). Specimen with a larger cross-sectional
area Ay is more easily deformable than that with a
smaller one. A similar size-effect was reported by Asta-
nin et al.!” The microstructural inspection in the elon-
gated specimens confirmed no changes in the size and
shape of individual grains, implying the insignificance of
the conventional accommodation processes and
mechanisms of lattice/grain-boundary diffusion and
solution—redeposition.

3.2. Surface profile

As reported in the literature, surface corrugation is
well-developed even at a small strain of 0.2 in 3Y-
TZP.'> The profiles of surface corrugation induced at
the tensile strains of 0.2, 0.5 and 0.75 are shown in
Fig. 4, as the relations between surface depth / and
relative location x. It must be noticed in Fig. 4 that (1)
the surface corrugation is enhanced with the increase in
strain (elongation), and (2) individual ridge of surface
elongation is distorted and split into double or triple
ridges when the applied strains exceed 0.5. We must
emphasize here that no surface corrugation was
obviously observed in SL-glass. Accordingly, this sur-
face corrugation is an essential phenomenon associated
with the superplastic deformation of polycrystalline
materials.

The S-S relations in the repeated tests are given in
Fig. 5, showing that the resistance to deformation
increases with the repetition (i.e., with the increase in
the “total” strain).

20
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Fig. 3. S-S curves of 3Y-TZP for test specimens with various
dimensions.

4. Discussion

Most of models and theories as to the microscopic
processes and mechanisms for superplastic deformation
and flow can not realize the present test results; (1) the
deformation resistance to tensile elongation significantly
depends on the initial cross-sectional area A, of test
specimen (see Figs. 3 and 5), and (2) a periodic surface
corrugation is induced and developed on the surface of
test specimen during elongation (see Fig. 4). As addres-
sed in the preceding section, no morphological changes
in the grains were observed even at large elongation.
The present test results, therefore, suggest that a major
part of the macroscopic strain may be accommodated
by CGBS processes.®13

Quantitative examinations on CGBS have been con-
ducted by the present authors.'>~!> Schematic illustra-
tion of this CGBS under tensile loading is depicted in
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Fig. 4. Surface profiles at various tensile strains ranging from 0.2 to
0.75 obtained in a repeated tensile test.
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Fig. 5. S-S curves in the sequentially repeated tensile test.
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Fig. 6. When a two-dimensional close-packed aggregate
[Fig. 6(a)] was subjected to a tensile stress, the groups of
grains shaping regular triangles start counter sliding
each other [Fig. 6(b)] along the boundaries of each tri-
angle. The first stage of CGBS brings the process to
completion at the close-packed configuration of the
second stage [Fig. 6(c)]. This CGBS goes on during
large-scale elongation with a sequential reduction in the
size of cooperative triangles until the grains are rear-
ranged in to a single linear array.'>!? The deformation
energy AU(e) which is required to overcame grain
interlocking on sliding planes is expressed by!3

8 > TR
AUe) =3 (2 - f3) K[m] (1)

where, R and L(¢) are the radius of grain and the sliding
length at a tensile strain of &, respectively. The para-
meter K is the bulk modulus of individual grains. Eq. (1)
means that the resistance to superplastic deformation
through overcoming interlocking stresses is propor-
tional to R? and to [L(g)]~2. In other word, the stress for
superplastic deformation will be increased with the
increase in grain size R, and with the decrease in the
length of grain-boundary sliding L(g). It must be
noticed that the length L(g) is proportional to the global
dimension D, of the original test specimen due to the
geometrical similarity between Do and L(e). Accord-
ingly, we have the proportionalities of A U(s) o [L(g)]~2
Dy? implying the presence of the test specimen size-

(a) Initial State

(b) Intermediate State

effect on superplastic deformation, i.e. the resistance to
superplastic deformation will increase with the decrease
in the size of test specimen.

The results of S-S curves of 3Y-TZP with various
dimensions shown in Fig. 3 are sufficient enough to
support this theoretical prediction. The global dimen-
sions By and W for specimen E are the largest of all the
test specimens. Therefore, the resistance energy AU(e)
to overcame grain interlocking will be the smallest due
to the proportional relationship of AU(¢) Dy 2, making
the deformation and flow easiest. A similar dimensional
argument is also applicable to the result in the repeated
tensile test; the dimensions of By and Dy in the first run
of tensile test are the largest of all the repeated tensile
tests, resulting in the smallest resistance to deformation
(see Fig. 5).

Most of the conventional accommodation processes
and mechanisms reported in the literature!-3—>18-21
always allow a homogeneous deformation (an affine
deformation) where each microscopic element in a
macroscopic body has the same strain tensor and the
rotation tensor as every other element. This fact leads to
a very uniform and smooth surface profile during the
elongation of the body, such as the smooth surfaces of
SL-glass in viscoelastic deformation and flow. Accord-
ingly, the corrugation that is induced on the surface of
3Y-TZP (Fig. 4) is neither understood nor expected in
the conventional frameworks of superplasticity. Similar
surface profiles of corrugation were also reported for
metals,”?> and a nanocrystalline 3Y-TZP.?* The corru-

(c) Final State

Grain Group

Sliding line

Stress

Fig. 6. Schematic illustration of the concept for CGBS under tensile loading.
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gation induced on the surface signifies that very loca-
lized inhomogeneity in microscopic as well as macro-
scopic senses is essential to superplastic deformation
and flow.

As a matter of fact, the localized inhomogeneity
associated with large-scale deformation is the essence of
the present model of CGBS as demonstrated and
emphasized in Fig. 6 as well as discussed in the litera-
ture.!>7!5 One of possible processes and mechanisms
which may result in a periodical surface corrugation is
schematically illustrated in Fig. 7 on the basis of the
present CGBS model. Periodical formation of slip
bands along the boundaries of cooperative grain groups
may result in the surface corrugation.

Upon the corrugation being well developed under the
strain of £¢=0.5 shown in Fig. 4, the troughs of corru-
gation became locally hardened, and the ridges are
locally softened. This is caused from the dimensional
difference between the mean sliding lengths L(g) of
troughs and of ridges; L(e) at troughs is always smaller
than that at ridges. Accordingly, the ridges are more
susceptible to deformation, and vice versa at the loca-
tion of troughs. This fact will make the deformation at

(a) ~ (b)

\\%\%\\ A

R» Z2E /A A

V

Fig. 7. Schematic illustration of the model for surface corrugation
associated with the CGBS process.

ridges more active, and then result in splitting each ridge
into double or triple ridges, as shown by the arrows in
Fig. 4 for e=0.75. These local hardening and softening
processes via the CGBS-induced local inhomogeneity
would be the supression of necking during superplastic
deformation, which is one of the most essential features
of this type of large-scale deformation.

Further studies must be made in near future for dee-
per understanding the CGBS in superplastic deforma-
tion: (1) the geometrical factors to dictate the
periodicity of surface corrugation, (2) profiles of surface
corrugation in terms of large-scale strains exceeding
£=1.0, and (3) the effect of microstructures (size and
shape of grains, liquid phase at grain-boundaries, etc.)
on the profile of corrugation.

5. Conclusion

The deformation processes and mechanisms for large-
scale deformation have been experimentally examined
by the use of 3Y-TZP in tensile tests. New findings
include; the deformation resistance to tensile elongation
significantly depends on the initial cross-sectional area
of test specimen, and a periodic surface corrugation is
induced and developed on the surface of test specimens
during elongation. These results were well-characterized
in terms of the concept of CGBS model. It was con-
cluded that the CGBS is the most plausible candidate
for microscopic accommodation processes in the super-
plastic deformation of polycrystalline materials.
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