ELEVENTH INTERNATIONAL CONFERENCE ON INTERGRANULAR AND INTERPHASE BOUNDARIES 2004

JOURNAL OF MATERIALS SCIENCE 40 (2005) 3129-3135

High temperature plastic flow and grain
boundary chemistry in oxide ceramics

H. YOSHIDA*

National Institute for Materials Science, 1-2-1 Tsukuba, Sengen, Ibaraki 305-0047, Japan

E-mail: YOSHIDA.Hidehiro@nims.go.jp
A. KUWABARA

Department of Materials Science and Engineering, Kyoto University, Yoshida-Honmachi,

Sakyo-ku, Kyoto 606-8501, Japan
T. YAMAMOTO

Department of Advanced Materials Science, School of Frontier Science, The University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

Y. IKUHARA

Institution of Engineering Innovation, School of Engineering, The University of Tokyo,
2-11-16 Yayoi, Bunkyo-ku, Tokyo 113-8656, Japan

T. SAKUMA

National Institute for Academic Degrees and University Evaluation, 1-29-1

Gakuennishimachi, Kodaira, 187-8587, Japan

High temperature plastic flow or grain boundary failure in oxide ceramics such as Al,03
and tetragonal ZrO; polycrystal (TZP) is sensitive to small levels of doping by various
cations. For example, high temperature creep deformation in fine-grained, polycrystalline
Al;O3 is highly suppressed by 0.1 mol% lanthanoid oxide or ZrO,-doping. An elongation to
failure in superplastic TZP is improved by 0.2-3 mol% GeO,-doping. A high-resolution
transmission electron microscopy (HRTEM) observation and an energy-dispersive X-ray
spectroscopy (EDS) analysis revealed that the dopant cations tend to segregate along the
grain boundaries in Al,03 and TZP. The dopant effect is attributed to change in the grain
boundary diffusivity due to the grain boundary segregation of the dopant cations. A
molecular orbital calculation suggests that ionicity is one of the most important parameters
to determine the high temperature flow stress, and probably, the grain boundary diffusivity
in the oxide ceramics. © 2005 Springer Science + Business Media, Inc.

1. Introduction

High temperature creep or plastic flow in high-
purity, polycrystalline oxide ceramics such as Al,O3
and tetragonal ZrO, polycrystal (TZP) is often rate-
controlled by diffusional process over a wide range of
temperatures and strain rates because of limited dis-
location movement [1]. Recently, it has been pointed
out that the high temperature plastic flow in Al,O3
and TZP is very sensitive to small levels of doping by
various cations [2—11]. For instance, small amount of
ZrO,-doping is a major reason for improvement of high
temperature creep resistance in ZrO,-added Al,Os3; the
creep deformation in fine-grained Al,O3 is highly sup-
pressed by 0.1 mol% ZrO;-doping as well as 10 wt%
(7 vol%) ZrO, addition [4]. On the other hand, an elon-
gation to failure in 5 wt%Si0O,-added TZP is remark-
ably affected by 1000 ppm Li,O-doping into the glass;
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the elongation is reduced from 1100% in TZP-5 wt%
SiO; to only 38% in TZP-5 wt% (Si0,-2 wt%Li,0) [7].
Origin of the dopant effect on the high temperature plas-
tic flow cannot be understood from the phenomenolog-
ical approach based on the constitutive equation, which
describes the empirical relationship between strain rate,
flow stress and grain size [1]. Therefore, it is necessary
to establish an atomistic approach to elucidate the high
temperature plastic flow in ceramics. The present pa-
per aims to briefly summarize our recent experimental
data of the dopant effect on the high temperature plas-
tic flow in Al,O3 and TZP, and to show that change
in chemistry of grain boundaries is responsible for the
dopant effect. Analysis of the grain boundary chem-
istry appears one of the useful approaches to describe
the grain boundary diffusion in fine-grained oxide
ceramics.
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2. Experimental procedure

2.1. Sample preparation

In order to investigate the dopant effect in Al;O3 and
TZP, high-purity Al,O3, 3 mol% Y,0Oj stabilized TZP
(3Y-TZP) and high-purity dopant cations’ acetates or
oxides were used as starting materials. The dopants
used were lanthanoid acetate, strontium acetate, fine-
grained titanium oxide, germanium oxide, barium ox-
ide, neodymium oxide, colloidal silica and colloidal zir-
conia. The Al,O3 or 3Y-TZP powders and the dopants
were ball-milled in ethanol for 24 h. The green com-
pacts of isostatically pressed powders were sintered at
1300-1550°C for 2—4 h in air.

2.2. High temperature mechanical test

High temperature creep experiments were carried out
under uniaxial compression in air using a lever-arm
testing machine with a resistance-heated furnace. The
applied stress and temperature were 20—100 MPa and
1250-1300°C, respectively. High temperature tensile
tests were carried out under uniaxial tension in air
at a constant cross-head speed using an Instron-type
testing machine equipped with a resistance-heated fur-
nace. The initial strain rate and temperature were
1.3 x 10~* s~! and 1400°C, respectively. The specimen
temperature during the mechanical test was measured
by a Pt-PtRh thermocouple attached to each specimen
and kept to within £1°C.

2.3. Microstructure characterization

Microstructure of the present materials was observed
by a scanning electron microscopy (SEM) and a trans-
mission electron microscopy (TEM). An average grain
size in the present materials was estimated by the linear
intercept method using SEM photograph. TEM speci-
mens were prepared using standard techniques involv-
ing mechanical grinding to a thickness of 0.1 mm, dim-
pling to a thickness of 20 um and ion beam milling to
electron transparency at about 4 kV. For further anal-
ysis on the grain boundaries in Al,O3 and TZP, high-
resolution electron microscopy (HRTEM) observations
were performed by using Hitachi H-9000ONAR and
Topcon 002BF field emission microscope. An energy-
dispersive X-ray spectroscopy (EDS) analysis was car-
ried out with Noran Voyager system attached to the Top-
con microscope with the probe size of 1 nm. Atomic
content of doped cation was quantitatively estimated
from its Ko peak based on the thin-foil criterion [12].

2.4. Molecular orbital calculation

In order to make clear the origin of the dopant ef-
fect, chemical bonding state in cation-doped Al,O3 and
TZP was examined by a first-principle molecular or-
bital calculation using the DV-X« method [13]. In the
DV-Xo method, numerical atomic orbitals obtained by
solving the Schrodinger equation for atoms were used
as the basic function. Therefore, the Hamiltonian and
overlap matrices can be evaluated as weighted sums
of integrated values at an arbitrary point in a cluster
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for all kinds of elements, instead of the conventional
Rayleigh-Ritz method. The Mulliken population anal-
ysis provides an orbital population, the sum of which
is regarded as an effective net charge (NC) as a mea-
sure of ionic valence for each cation or anion. The
model clusters used were [AlsOy;]17% for Al,O3 and
[Zr13Y40g6]~% for TZP. The dopant cations are sub-
stituted at AI** or Zr** cation site as a first approxima-
tion, and anion or cation vacancies were introduced to
maintain electronic neutrality in the clusters.

3. Results and discussions
3.1. Small dopant effect on the high
temperature creep in Al,O3
In case that grain boundary diffusion dominates the high
temperature creep in Al,Os, the creep rate in Al,O3 is
highly suppressed by LuO, 5-doping. Fig. 1 shows the
creep curves in undoped and 0.02 mol% LuO; 5-doped
Al,O3 at 1300°C and the applied stress of 50 MPa. The
average grain size in the materials are about 5 um. The
creep deformation in Al,Oj3 is suppressed by 0.02 mol%
LuO, 5-doping. Because grain growth during creep de-
formation at 1300°C was negligible in Lu-doped Al, O3,
the retarded creep rate cannot be explained from the
grain size effect. It has been confirmed that the creep
rate in undoped Al,O3 with the grain size of 5 um ex-
hibit the stress exponent of about 1; this result is con-
sistent with deformation mechanism map in Al,O3 pro-
posed by Heuer et al. [14]. Moreover, the experimental
data in undoped Al,Oj3 are in good agreement with the
theoretical value of Coble creep rate [15]. The domi-
nant deformation mechanism in the undoped Al,O3 is
probably grain boundary diffusional creep, and LuO s-
doping must suppress the grain boundary diffusion in
AL Os.

Fig. 2 shows Lu-doping dependence on the creep rate
in Al,O3 at 1250°C and the applied stress of 50 MPa.
In this figure, the steady-state creep rate in 0.02, 0.1,
0.2 or 0.4 mol% LuO; s-doped Al, O3 is plotted against
LuO, 5-doping amount, and the average grain size of
undoped and Lu-doped Al,Oj3 is about 1 yum. As shown
in Fig. 2, the creep rate is rapidly decreased with

1.8

1300°C, 50MPa

1.5F

undoped Al,O3
d=5.4um

1.2

0.9

STRAIN/%

Al,03-0.02mol%LuO, 5 4
d=4.9um

0.6

0.3

1 1 1 1
200 300 400 500 600
TIME /ks

1
0 100

Figure 1 Creep curves in undoped Al,O3 and 0.02 mol% LuO; 5-doped
Al,O3 with a grain size of about 5 um at 1300°C and the applied stress
of 50 MPa.
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Figure 2 Steady-state creep rate in undoped and 0.02—-0.4 mol% LuO; s-
doped Al,O3 at 1250°C and the applied stress of 50 MPa.
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Figure 3 Creep curves in undoped Al,O3 and 0.1 mol% cation-doped
Al,O3 at 1250°C and the applied stress of 50 MPa.

increasing the Lu-doping; the creep rate in 0.1 mol%
Lu-doped Al,O3 is about 200 times lower than that
in undoped Al,O3. However, the doping effect levels
off over 0.2 mol%. In 0.4 mol% LuO, 5-doped Al,O3,
dispersion of second phase particles was observed by
conventional TEM; the second phase is supposed to be
AlsLuzOj, from the phase diagram of Al,O3-Lu,O3
system [16]. It is interesting to note that the effect of
the second phase particles dispersion is minor in com-
parison with very small amount of Lu-doping, as well
as ZrO,-doped Al,O3 [4].

Fig. 3 shows the creep curves in high-purity
Al,Osand various kinds of oxide-doped Al,Os at
1250°C and the applied stress of 50 MPa [4, 17, 18]. The
dopant content is 0.1 mol%, and the grain size is con-
trolled to be about 1 m in each material. In spite of the
limited dopant content, the creep rate is sensitively af-
fected by the doping; the creep rate in Al, O3 is retarded
by S1O, ZrO, or lanthanoid oxide-doping, but is accel-
erated by MgO or TiO;,-doping. Since the high tem-
perature creep in fine-grained Al,Os is rate-controlled

by the grain boundary diffusion [19-21], the difference
in the creep rate is probably attributed to a change in
the grain boundary diffusivity due to the cation-doping;
Sr?*, Zr*+ and lanthanoid cation-doping reduces, and
Mg?* or Ti**-doping enhances the grain boundary dif-
fusion in Al,Oj3.

Concerning the mechanism of the dopant effects, a
couple of ideas have been proposed so far [6, 22]. The
major idea attributed the effects to ionic sizes of the
dopant cations [6]. However, recent systematic studies
for the lanthanoid doped Al,O3 revealed that the re-
duction in the creep rate is not in the same order as
increasing ionic size of the dopant cation [17,18]. This
fact indicates that the dopant effect is not so simple and
cannot be explained solely from the ionic sizes.

3.2. Superplasticity in cation-doped TZP

The dopant effect on the superplastic behavior has
been systematically investigated in 3Y-TZP doped with
0.2 mol% of cation. Fig. 4 shows the stress-strain curves
in 3Y-TZP and 0.2 mol% BaO, AlO; 5, NdO; 5, SiO;,
TiO, or GeO,-doped 3Y-TZP at 1400°C and an initial
strain rate of 1.3 x 10™*s~! [10]. An average grain size
of about 0.4-0.5 um and a bulk density of more than
99% for theoretical density were obtained in each sam-
ple. The specimens deformed plastically and there was
no necking observed at the time of failure. Superplas-
tic behavior in 3Y-TZP is changed by 0.2 mol% cation
doping; the flow stress in TZP is increased by Nd or
Ba-doping, but is reduced by Si or Al-doping. On the
other hand, the tensile ductility is enhanced by Si or
Al-doping.

Fig. 5 shows the stress-strain curves in 3Y-TZP and
0.2-3 mol% GeO;-doped 3Y-TZP at 1400°C and the
initial strain rate of 1.3 x 10™* s~! [23]. The elonga-
tion to failure of about 440% was achieved by 2 mol%
GeO;-doping at the testing condition. However, the
elongation to failure increases very little with increas-
ing the GeO; content from 2 to 3 mol%. On the other
hand, the flow stress decreases with increasing the
GeO; addition up to 1 mol%, but levels off over the
doping level of 2 mol%. It has been pointed out that
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Figure 4 Stress-strain curves in 3Y-TZP and 0.2 mol% oxide-doped 3 Y-
TZP at 1400°C and an initial strain rate of 1.3 x 10~* s~
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Figure 5 Stress-strain curves in 3Y-TZP and 0.2-3 mol% GeO,-doped
3Y-TZP at 1400°C and an initial strain rate of 1.3 x 10™* s~
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Figure 6 A logarithmic plot of elongation to failure versus 10% flow
stress in 0.2-3 mol% GeO,-doped 3Y-TZP.

the elongation to failure in superplastic ceramics is de-
scribed by a function of the Zener-Hollomon parameter
(Z-H parameter) of ¢ exp(Q/RT); the lower Z-H pa-
rameter provides a higher value of the elongation to
failure [24]. Since the Z-H parameter is proportional
to the flow stress for a constant grain size, the flow
stress is an important parameter for the tensile ductility
in superplastic ceramics. This elongation-stress rule is
satisfied over a fairly wide temperature and strain rate
range [24]. Fig. 6 shows a logarithmic plot of the elon-
gation to failure versus 10% flow stress in the present
materials. The flow stress is converted to the value for
a grain size of 0.5 pum using the strain rate sensitivity
times the grain size exponent mp = 1. As shown in
Fig. 6, the elongation to failure tends to increase with
the decreasing flow stress. The line in Fig. 6 was given
by the least-squares method, and the slope of the line
was about —0.72, which is close to the predicted value
of —0.66 [24]. The improved tensile ductility in GeO,-
doped 3Y-TZP can be explained based on the reduced
flow stress. Therefore, Ge-doping dependence on the
elongation to failure can be attributed to the leveling
off behavior of the flow stress.
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The GeO,-doping dependence on the flow stress in
TZP indicates that the high temperature plastic flow in
TZP is very sensitive to the small levels of doping by
cations as well as in fine-grained Al,O3. It is specu-
lated that dopant effect on the superplasticity in TZP is
attributed to difference in the grain boundary diffusiv-
ity. However, the rate-controlling mechanism for the
superplastic flow in TZP is not well understood; the
accommodation process for the superplastic flow is ex-
plained from either the grain boundary diffusion [25]
or the lattice diffusion [8, 26]. In order to reveal the ori-
gin of the dopant effect on the high temperature plastic
flow in Al,O3 and TZP, the microstructure of the grain
boundaries were examined in detail.

3.3. Microstructure analysis in
oxide ceramics

Fig. 7 shows a HRTEM image of a grain boundary in
0.1 mol% LuO; 5-doped Al,O3 [27]. The HRTEM im-
age was obtained under edge-on condition; the grain
boundary plane was set parallel to the incident electron
beam. The two grains is directly bonded, and there is no
second phase precipitation or glass phase layer along
the grain boundary. EDS analysis using a probe size of
1 nm revealed that doped Lu’* cations segregate along
the grain boundary [5, 27]. Scanning transmission elec-
tron microscopy (STEM)-nano-probe EDS technique
also revealed the grain boundary segregation of Lu.
Fig. 8 shows a STEM image (a) and Lu-Ko mapping
image (b) taken with the incident beam size of 1nm
in 0.1 mol% LuO; 5-doped Al,O3 [27]. As shown in
Fig. 8b, Lu cations present almost uniformly along the
grain boundaries. This fact provides the evidence of the
grain boundary segregation of Lu®* cations. The grain
boundary segregation is also observed in other cation-
doped Al,O3 [4, 18]. The dopant effect on the high

Figure 7 A high-resolution transmission electron micrograph of a grain
boundary in 0.1 mol% LuO 5-doped Al;O3.
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Figure 8 A scanning transmission electron microscopy (STEM) image
(a) and Lu-Ko mapping image (b) obtained by STEM-EDS technique
using an incident beam size of 1 nm for the grain boundaries in 0.1 mol%
LuO; 5-doped Al,O3.

temperature creep in Al,Os3 is likely to result from
the grain boundary segregation of doped cations. Lu-
doping dependence in Fig. 2 is probably related to Lu
content at the grain boundaries. In the previous pa-
per, Y content at the grain boundary was examined
in 100—-1000 ppm Y,03-doped Al,O3 [28]; the grain
boundary Y content exhibited the maximum value at
500 ppm Y,03-doped Al,O3, but leveled off over the
doping amount. On the analogy of the previous data,
the Lu concentration at the grain boundaries in fine-
grained Al, O3 must become maximal value at the dop-
ing amount of 0.1 mol%, and levels off over 0.1 mol%.
The Lu-doping dependence in Fig. 2 must reflect the
Lu content behavior at the grain boundaries.

The segregation of the dopant cation is not a spe-
cial phenomenon in Al,O3, but also occurs in TZP.
HRTEM observation and nano-probe EDS analysis re-
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Figure 9 Atomic content of Ge** cation at the grain boundary and the
grain interior against total amount of GeO, addition in 0.2-3 mol%
GeO;-doped 3Y-TZP.

vealed that the grain boundary is a solid-solid interface
without amorphous layer, and the dopant cations seg-
regate along the grain boundaries in various kinds of
cation-doped TZP [7, 10, 29]. Fig. 9 shows Ge cation
content at the grain boundary and the grain interior
against total amount of GeO, addition in 0.2-3 mol%
GeO;-doped 3Y-TZP. The Ge content was estimated
from ten individual grain boundaries and grain interi-
ors by EDS analysis using the probe size of 1nm, and
the plotted data are the average values of the Ge con-
tent. The Ge** content is defined as the atomic ratio for
all cations. The Ge** content at the grain boundary is
larger than that in the grain interior for all specimens.
This result indicates the grain boundary segregation of
Ge** cations. The Ge** content at the grain boundary
increases with increasing the amount of GeO, addi-
tion, but levels off over 2 mol% addition. Fig. 10 shows
a plot of 10% flow stress against the atomic content
of Ge** cation at the grain boundaries in 0.2-3 mol%
GeO;-doped TZP. The flow stress on GeO,-doping is
linearly related to the Ge** content at the grain bound-
ary. The superplastic flow stress in TZP is dominated
by chemical composition in the grain boundary. The
grain boundary segregation of the dopant cation prob-
ably affects the grain boundary diffusion in TZP, and
hence the small levels of doping by cations influence
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Figure 10 A plot of 10% flow stress versus atomic content of Ge*+
cation at the grain boundary in 0.2-3 mol% GeO;-doped 3Y-TZP.
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Figure 11 A plot of the creep rate in undoped and 0.1 mol% cation-
doped Al,O3 against an absolute value of the product of Al cation net
charge and O anion net charge. The model cluster of [AlsO; 117%7 is also
shown in this figure.

the flow stress in 3Y-TZP as well as in fine-grained
Al Os.

3.4. Molecular orbital calculation

The present results indicate that the high temperature
plastic flow in Al,O3 and TZP is strongly influenced by
the chemistry in the grain boundaries. Therefore, it is
necessary to examine local chemical bonding state in
the grain boundaries. Our recent studies revealed that
NC is a better parameter to describe the high temper-
ature creep rate or plastic flow stress in Al,O3 [18].
Fig. 11 demonstrates the relationship between the high
temperature creep rate in 0.1 mol% cation-doped Al,O3
at 1250°C and the stress of 50 MPa against an absolute
value of a product of Al cation net charge (NCy,;) and
O anion net charge (NCg) [18]. The model cluster used
for the calculation is also shown in Fig. 11. The NCy,
is for Al cation in the center of the cluster, and NCg is
an average value for oxygen anions surrounding the Al
cation. The creep rate in cation-doped Al,O3 correlates
well with the absolute value of the product of NCy; and
NCop; the creep rate in cation-doped Al,O3 decreases
with increasing the product of NC values. The NC prod-
uct probably corresponds to ionic bond strength be-
tween Al cation and O anions, because the Coulomb’s
electrical attractive force between cation and anion is
proportional to the product of the ionic valences [30].
Therefore, the present result suggests that the increased
ionic bond strength suppresses the grain boundary dif-
fusion in Al,O3.

Fig. 12 shows a relationship between the flow
stress in 2 mol%TiO,, 2 mol%GeO,; or (1 mol%TiO,-
1 mol%GeO;)-doped 3Y-TZP [31] and an average
value of the product of NC between anion and cation in
the Y-TZP model clusters. The model cluster is shown
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Figure 12 A plot of 10% flow stress in 2 mol%TiO,, 2 mol%GeO, or
(1 mol%TiO;-1 mol%GeO,)-doped 3Y-TZP against an average of the
absolute value of the product of cation and anion net charges. The model
cluster of [Zr1gY4Oge] %8 is also shown in this figure.

in Fig. 12; in the cluster, two Y cations are substituted
for Zr cations, and oxygen vacancies are assumed to ex-
ist at the second nearest neighbor sites from Y cations.
Two Ti, two Ge or (one Ti and one Ge) cations are also
substituted for two Zr cation sites. The flow stress also
exhibits a good correlation with the value of NC; the
flow stress decreases with decreasing the value of NC.
This result also suggests that TiO, or GeO,-doping re-
sults in reduction of the ionicity in TZP, and the flow
stress is reduced by the ionic bond reduction; the ionic
bond reduction must enhance the diffusion in TZP.
The present study is probably the first trial to ex-
plain the dopant effect on the high temperature plastic
flow in oxide ceramics in terms of the chemistry in
the grain boundaries. The results in Figs 11 and 12 are
very preliminary levels in the sense of atomic structure
and chemical bonding state analysis in the grain bound-
aries; the model clusters were based on single crystals,
not on the grain boundary structure. We will have to
analyze more carefully the present results to discuss
physical description of the grain boundary diffusion in
terms of the chemical bonding state. More quantita-
tive analysis on the atomic structure and the chemical
bonding state in the grain boundaries in oxide ceramics
will provide theoretical guiding principle to design new
high-performance ceramics in the near future.

4. Conclusions

High temperature creep or superplastic flow behavior
in fine-grained Al,O3; and TZP is sensitively affected
by doping of various cations with the doping amount of
0.1-3 mol%. HRTEM-EDS and STEM-EDS technique
using the incident beam size of 1nm revealed that the
dopant cation tends to segregate along the grain bound-
aries in Al,O3 and TZP. The small dopant effect on the
high temperature plastic flow is caused by the change
in the grain boundary diffusivity due to the dopant seg-
regation along the grian boundaries. The molecular or-
bital calculations suggest that ionicity correlates well



ELEVENTH INTERNATIONAL CONFERENCE ON INTERGRANULAR AND INTERPHASE BOUNDARIES 2004

with the creep rate or the flow stress in Al,O3 and TZP.
The ionic bonding state in the grain boundaries must
be a critical factor to determine the high temperature
plasticity, and probably, the grain boundary diffusivity
in oxide ceramics.
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