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High-temperature creep resistance in cations co-doped polycrystalline Al2O3 was examined by uniaxial compression creep test at 1250�C.
The dopant oxides used in this study were 0.1mol% of YO1:5, ZrO2, SrO, MgO and TiO2. The creep rate in Al2O3 was significantly changed by
cations co-doping. For instance, Zr/Y co-doping suppressed the creep rate in Al2O3 by a factor of about 400. A high-resolution transmission
electron microscopy (HREM) and nano-probe energy dispersive X-ray spectroscopy (EDS) analysis revealed that Y and Zr cations segregate
along grain boundaries. The grain boundary diffusion in Al2O3 was supposed to be retarded by the segregation of Y and Zr cations. A first-
principle molecular orbital calculation was made for cations co-doped Al2O3 and cation singly doped Al2O3 model cluster. The creep rate was
correlated with the value of net charge in oxygen anion. The net charge of oxygen anion was one of the most important factors to determine the
creep resistance in Al2O3.
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1. Introduction

High-temperature creep deformation or plastic flow be-
havior in fine-grained polycrystalline Al2O3 is sensitively
affected by small amount of dopant cation, which tends to
segregate along grain boundaries.1–3) For example, the high-
temperature creep resistance in Al2O3 with the grain size of
about 1 mm is markedly improved by ZrO2, YO1:5 or LuO1:5

doping even in the dopant level of 0.1mol%.1–3) A first-
principle molecular orbital calculation revealed that the creep
rate in cation singly doped Al2O3 was found to correlate with
ionic bond strength between aluminum cation and oxygen
anion.4)

The creep resistance has also been examined in cations co-
doped Al2O3.

5–7) For instance, it has been reported that Nd/
Zr co-doped Al2O3 exhibited superior creep resistance than
Nd or Zr singly doped Al2O3.

7) However, the co-doping
effect has not been systematically examined, and the origin of
the effect of cations co-doping on the creep resistance in
Al2O3 has not been clarified yet. The purpose of this paper is
to examine the effect of cations co-doping on the high-
temperature creep resistance in Al2O3. In this study, divalent
cation (Mg2þ, Sr2þ), trivalent cation (Y3þ) and tetravalent
cation (Ti4þ, Zr4þ) were used as dopant cations to examine
the creep resistance in cations of various valencies doped
Al2O3. Cation singly doped Al2O3 exhibits different creep
resistance for each dopant cation.4) We can compare the
effect of caions co-doping on the creep resistance with that of
cation singly doping. The origin of the effect of cations co-
doping will be discussed from the viewpoint of chemical
bonding strength at the grain boundaries.

2. Experimental Procedure

The materials used in this study were undoped, high-purity
Al2O3 and two cations co-doped Al2O3. The dopant oxides
used in this study were TiO2, MgO, SrO, ZrO2 and YO1:5.
The amount of dopant cation was controlled to be 0.1mol%

for each dopant oxide, i.e., the total amount of dopant cations
in cations co-doped Al2O3 is 0.2mol%. The amount of
dopant cation in cation singly doped Al2O3 is 0.1mol%.
High-purity Al2O3 powders with 99.99% purity (TM-DAR,
Taimei Chemicals, Japan), yttrium acetate, strontium acetate
and magnesium acetate (99.9%, Rare Metallic, Tokyo,
Japan), titanium oxide powder (Sumitomo Osaka Cement,
Japan) and zirconium oxide powder (0Y-TZP; Tosoh, Japan)
were used for starting materials. Detailed fabrication proce-
dure is described elsewhere.4) The green compacts were
sintered at temperature in a range of 1300�C-1550�C for 2 h
in air to obtain an average grain size of about 1 mm. The grain
size was measured by a linear intercept method using
scanning electron microscope (SEM) photographs. The
composition and the sintering temperature in the present
materials were shown in Table 1.

High-temperature creep experiments were carried out
under uniaxial compression in air at a constant load using a
lever-arm testing machine with a resistance-heated furnace
(HCT-1000, Toshin Industry, Tokyo, Japan). The applied
stress and temperature were 50MPa and 1250�C, respective-
ly. The testing temperature was measured by Pt-PtRh thermo-
couple attached to each specimen and kept to within �1�C.
The size of the specimens was 5� 5mm2 in cross-section
and 7mm in height for compression tests.

High-resolution electron microscopy (HREM) was per-
formed to observe the grain boundary structure using a
JEOL-2010 field-emission-type electron microscope. Chemi-
cal analysis was carried out by an X-ray energy dispersive
spectrometer (EDS) attached to the microscope with a probe
size of less than 1 nm. From the Mulliken’s population
analysis, net charge (NC) for each ion, which corresponds to
effective ionic valency, can be obtained. In this study, NC of
six oxygen anions was estimated in order to compare the
change of chemical bonding state in cations co-doped Al2O3

and cation singly doped Al2O3. These six oxygen anions
were the first-neighbor of the aluminum cation that was in the
center of cluster shown in Fig. 1.

In order to estimate chemical bonding state in pure and
cation-doped Al2O3, a first-principle molecular orbital*Corresponding author, E-mail: yasuda@ceramic.mm.t.u-tokyo.ac.jp
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calculation was made using DV-X�method.8) Figure 1 shows
a model cluster of [Al14O45]

48� for undoped-Al2O3 used in
this study. In the model cluster, oxygen anions formed a
close-packed structure and all aluminum cations took the
octahedral coordination. The model cluster is for pure Al2O3

corundum structure, not for grain boundaries in Al2O3.
However, it is impossible at the present stage to construct a
general grain boundary structure for the molecular orbital
calculation. In this study, the ionic bonding state in Al2O3

was approximately estimated using the model clusters
without atomic configuration of the grain boundary in Al2O3.
The white circles in Fig. 1 indicate O2� anion’s vacancies
introduced in divalent cation doped Al2O3 and Al3þ cation’s
vacancies introduced in tetravalent cation doped Al2O3 to

maintain electronic neutrality. The dopant cations and
accompanying vacancies in the cation-doped Al2O3 model
clusters are listed in Table 1.

3. Results and Discussion

Figure 2 shows the creep curves in the present materials
under an applied stress of 50MPa at 1250�C. The creep
behavior in Al2O3 is considerably changed by cations co-
doping, though the amount of dopant cations is quite small.
The creep deformation in Al2O3 is suppressed by Ti/Y, Mg/
Sr, Mg/Zr, Zr/Y or Sr/Y co-doping, and in particular, Zr/Y
co-doping improves the high-temperature creep resistance
remarkably. On the other hand, the creep deformation in Ti/
Mg co-doped Al2O3 is accelerated in comparison with
undoped Al2O3.

Table 1 The composition, sintering temperature and number of cations and vacancies introduced in model clusters used for the molecular

orbital calculation in the present materials.

Sintering temperature Dopant in molecular
Composition Name

(�C) orbital calculatiion

0.1mol%TiO2-0.1mol%MgO doped Al2O3 Ti/Mg 1310 Ti4þ � 3, Mg2þ � 3

0.1mol%TiO2-0.1mol%YO1:5 doped Al2O3 Ti/Y 1380
Ti4þ � 3, Y3þ � 3,

V(Al3þ) � 1

0.1mol%MgO-0.1mol%SrO doped Al2O3 Mg/Sr 1385
Mg2þ � 3, Sr2þ � 3,

V(O2�) � 3

0.1mol%MgO-0.1mol%ZrO2 doped Al2O3 Mg/Zr 1410 Mg2þ � 3, Zr4þ � 3

0.1mol%SrO-0.1mol%YO1:5 doped Al2O3 Sr/Y 1420
Sr2þ � 2, Y3þ � 3,

V(O2�) � 1

0.1mol%ZrO2-0.1mol%YO1:5 doped Al2O3 Zr/Y 1430
Y3þ � 3, Zr4þ � 3,

V(Al3þ) � 1

0.1mol%TiO2 doped Al2O3 Ti 1285 Ti4þ � 6, V(Al3þ) � 2

0.1mol%MgO doped Al2O3 Mg 1300 Mg2þ � 6, V(O2�) � 3

0.1mol%SrO doped Al2O3 Sr 1350 Sr2þ � 6, V(O2�) � 3

0.1mol%ZrO2 doped Al2O3 Zr 1400 Zr4þ � 6, V(Al3þ) � 2

0.1mol%YO1:5 doped Al2O3 Y 1400 Y3þ � 6

Fig. 1 A schematic illustration of atomic structure of cluster model

[Al14O45]
48� used for a first-principle molecular orbital calculation.
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Fig. 2 Creep curves in undoped, high-purity Al2O3, and 0.1mol% of TiO2,

MgO, SrO, ZrO2 or YO1:5 co-doped Al2O3 under an applied stress of

50MPa at 1250�C.
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Figure 3 shows the steady-state creep rate in the present
materials at 1250�C under an applied stress of 50MPa. In this
study, the steady-state creep region is defined where the
change of strain rate with time is in the level of
�1� 10�8 s�1. The creep rate of Ti/Y, Mg/Sr, Mg/Zr,
and Sr/Y co-doped Al2O3 is in a range of the creep rates in
each cation singly doped Al2O3. On the other hand, the creep
rate of Ti/Mg or Zr/Y co-doped Al2O3 is smaller than that in
each cation singly doped Al2O3. In particular, the creep rate
of Zr/Y co-doped Al2O3 is much lower than that in undoped
Al2O3 by a factor of about 400. The present result indicates
that the creep rate in cations co-doped Al2O3 can not be
expected from that in cation singly doped Al2O3.

The total amount of dopant cations in cations co-doped
Al2O3 are larger than that in cation singly doped Al2O3.
However, in the previous study, the creep resistance in
0.1mass% ZrO2 doped Al2O3 was found to be not so
different from that in 10wt% ZrO2 doped Al2O3.

1) This fact
indicates that the difference in the amount of dopant cations
over about 0.1mol% does not strongly affect the creep
resistance in Al2O3. Therefore, the effect of the difference in
the amount of dopant cations on the creep resistance was
probably negligible in the present materials.

Figure 4 shows a bright field image of Zr/Y co-doped
Al2O3, which was deformed to be 1%. The average grain size
is about 1 mm. The grain growth during creep deformation
was negligible in the present material at the temperature
examined. There is no intragranular dislocation in the crept
sample. This fact indicates that the creep deformation takes
place by diffusional processes.

Figure 5(a) shows a HREM image of a grain boundary in
Zr/Y co-doped Al2O3. No amorphous phase or precipitation
of second phase particles was observed along the grain
boundary. Figures 5(b) and (c) demonstrate EDS spectra
taken from the grain interior and the grain boundary,
respectively. The analyzed points are indicated by circles in
Fig. 5(a). The peak indicating Cu is the signal from the
sample holder. The EDS analysis revealed that Y and Zr
cations presented along the grain boundary but not in the

grain interior. This data indicates that Y and Zr cations
segregate along the grain boundary.

In polycrystalline Al2O3, high-temperature creep defor-
mation often occurs by a diffusional process.9–16) The
predominant deformation mechanism in Al2O3 with the
grain size of less than about 10 mm is grain boundary
diffusion creep at temperatures of 1100-1400�C and under a
stress of less than 100MPa,9–12) and the grain boundary
sliding contributes dominantly to the creep deformation when
the grain size is less than about 2 mm.13–16) It has been
reported that the creep deformation in fine-grained Al2O3

with the average grain size of about 1 mm takes place by grain
boundary sliding accommodated by grain boundary diffu-
sion.17–20) Since the dopant cations segregate along the grain
boundaries, and since the creep deformation is rate-con-
trolled by the grain boundary diffusion, the improvement of
creep resistance in cations co-doped Al2O3 is likely to result
from the suppression of the grain boundary diffusion due to
the segregation of dopant cations.

Figure 6 shows the steady-state creep rate against ionic
radius of dopant cations.21) Ionic radius of dopant cations in
cations co-doped Al2O3 is defined as an average radius of the
two cations. As seen in this figure, the creep rate cannot be
explained solely from the ionic radius. For example, the ionic
radius in Zr/Y co-doped Al2O3, which exhibits the lowest
creep rate in the present materials, has an intermediate value
in comparison with ionic radiuses in other cation-doped
Al2O3. On the other hand, Sr2þ cation, which has largest
ionic radius, retards the creep rate of Al2O3, but the strain rate
is rather close to that in undoped Al2O3.

In cation singly doped Al2O3, a change in chemical
bonding strength is supposed to be one of the most important
factors to determine the creep rate.4) The change in ionicity
was examined in cation-doped Al2O3, and we found good
correlation between the creep rate and the value of NC in
oxygen anion. Figure 7 shows a plot of the creep rate in the
present materials against the value of NC in oxygen anion. In
this study, the largest value of NC in six oxygen anions was
used as the value of NC in O. The NC in O correlated with the
creep rate both in cation singly doped Al2O3 and cations co-
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MgO, SrO, ZrO2 or YO1:5 co-doped or singly doped Al2O3 under an
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Fig. 4 A bright field image of 1% deformed Al2O3 co-doped with

0.1mol% YO1:5 and 0.1mol% ZrO2.
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doped Al2O3. The increase of NC in O can be regarded as the
increase of ionic charge in oxygen anion. The ionicity in
oxygen anion probably corresponds to the Coulomb’s
attractive force between oxygen anion and cations that were
the nearest neighbor of the oxygen anion, because the
Coulomb’s attractive force is proportional to the ionic charge
of anion and cation. The increase in the Coulomb’s attractive
force may suppress the grain boundary diffusion of oxygen

anion. This result indicates that the change of chemical
bonding state in oxygen anion must affect the grain boundary
diffusion in cations co-doped Al2O3.

In the previous studies, it has been reported that the creep
deformation in fine-grained Al2O3 with the average grain size
of less than 10 mm is rate-controlled by the grain boundary
diffusion of aluminum cation.1,3,22) However, a recent study
reported that the grain boundary diffusion of oxygen anion is
the rate-controlling mechanism for the creep deformation in
Al2O3.

23) The present calculation indicates that the rate-
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Fig. 5 (a) A high-resolution electron micrograph for a grain boundary in 1% deformed Al2O3 co-doped with 0.1mol% YO1:5 and

0.1mol% ZrO2. EDS spectra are also demonstrated (b) for the grain interior and (c) for the grain boundary using a prove size of about

1 nm. The analyzed points are indicated by circles in Fig. 5(a).
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controlling species in creep deformation in Al2O3 may be
oxygen anion. This result is consistent with the previous
study.23) This fact indicates that the ionic bonding state,
particularly the ionic charge of oxygen anion, is an important
factor to determine the creep resistance and the grain
boundary diffusion in Al2O3. Further investigation on the
matter transport phenomena and chemical bonding state in
the vicinity of the grain boundaries will provide more
quantitative relationship between the diffusivity and the ionic
bond strength.

4. Conclusion

High temperature creep resistance was examined in
0.2mol% cations co-doped Al2O3. The creep rate in Al2O3

is sensitively influenced by cations co-doping, but the co-
doping effect cannot be explained from the effect of cation
singly doping. The creep rate in Y/Zr co-doped Al2O3 is
much lower than that in undoped Al2O3 by a factor of about
400. HREM observation and nano-prove EDS analysis
revealed that Y and Zr cations segregate along the grain
boundary. Since the creep deformation in undoped Al2O3

takes place by grain boundary sliding accommodated by
grain boundary diffusion, the grain boundary diffusion in
Al2O3 is probably retarded by the segregation of Y and Zr
cations. A first-principle molecular orbital calculation based
on [Al14O45]

48� model cluster revealed that the value of NC
in O correlates with the creep rate in cations co-doped Al2O3.
The creep resistance in cations doped Al2O3 is likely to be
determined by ionicity of oxygen anion at the grain
boundaries with dopant cations segregation.
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