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Abstract

High temperature compressive creep behavior in high-purity, undoped Al,O; and 0.02 mol% LuO, s-doped Al,O; with an
average grain size of about 5 pum was investigated under an applied stress of 10-100 MPa at 1250-1400 °C. Microstructure and
chemical composition at the grain boundaries in the present materials were characterized with a high-resolution transmission elec-
tron microscopy (HRTEM) and an energy dispersive X-ray spectroscopy (EDS). The Lu-doping is effective for the improvement in
the creep resistance in Al,O3 with the grain size of about 5 um even at the dopant level of 0.02 mol%. Steady-state creep rate in
undoped Al,Os is in good agreement with theoretical creep rate of the grain boundary diffusion mechanism. On the other hand, in
LuO; s-doped Al,Os3, the stress dependence of the creep rate is the same than in undoped one, but the activation energy for the
creep deformation is much larger than that in undoped alumina. The large activation energy and the sluggish creep rate in Lu-
doped alumina are caused by suppression of grain boundary diffusivity in alumina due to Lu®*" cations’ segregation. In fact, the
effect of 0.02 mol% LuO; s-doping in Al,O3 with the grain size of about 5 pm is very close to that of 0.1 mol% LuO; s-doping in

Al,O5 with the grain size of about 1 um; owing to a similar grain boundary dopant content in the two materials.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

High temperature creep or plastic flow behavior in
polycrystalline Al,O3 has been extensively studied, and
the high temperature deformation mechanisms under
various testing conditions were argued in detail;
according to the deformation mechanism map compiled
for polycrystalline alumina with a grain size of 10 pm,
the high temperature creep deformation often occurs by
diffusional flow under a wide range of stresses and tem-
peratures.! It has been reported that the predominant
deformation mechanism in Al,O3 with a grain size of
less than 10 pum is grain boundary diffusional creep? at
temperatures of 1100-1400 °C and an applied stress of
less than 100 MPa,> and grain boundary sliding
becomes important as the grain size is smaller.>* For

* Corresponding author. Tel.: +81-3-5841-7154; fax: +81-3-5800-
2433.
E-mail address: yoshida@ceramic.mm.t.u-tokyo.ac.jp (H. Yoshida).

instance, the grain boundary sliding contributes dom-
inantly to high-temperature creep deformation for small
grain alumina with the grain size of 1.6 uym at 1673 K
under 44 MPa.>

One of the striking facts in recent years regarding with
the high-temperature plastic deformation in fine-grained
Al,O; is a marked effect of a small amount of dopant
cation; high-temperature creep resistance in fine-
grained, polycrystalline Al,O5 with an average grain size
of less than 2-3 pm is sensitively affected by a small
amount of cation doping. For instance, it was found
that the creep rate in polycrystalline Al,O; with a grain
size of about 1 um was reduced by an addition of 0.1
wt.% ZrO, by a factor of about 15 at 1250 °C under
applied stresses of 10-200 MPa.® It was also revealed
that the high-temperature creep rate in Al,O3 with the
grain size of 1 um is about 200 times lowered at 1250 °C
by doping of lanthanoid oxide such as Y,03 or Lu,Oj3
even in the dopant level of 0.05 mol%.”-8 Similar effects
of small dopant cation on the high temperature creep
resistance in Al,O3; have been also reported.®~!> More
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recently, it has been revealed with high-resolution
transmission electron microscopy (HRTEM) attached
with an energy dispersive X-ray spectrometer (EDS)
that the small amount of dopant cations segregates at
the vicinity of grain boundaries,®® and the segregated
cations are supposed to change chemistry at the grain
boundaries in alumina.!®!”

Concerning the origin of the dopant effect, there have
been a couple of ideas proposed so far,'"'® and one
explanation is mainly due to the ionic size of the
dopant.” However, recent systematic studies for diva-
lent, trivalent and tetravalent cation-doped Al,O5; with a
grain size of about 1 um suggested that the reduction in
the creep strain rate is not in the same order as increas-
ing the ionic size.'®!® This fact means that the dopant
effect is not so simple and cannot be considered only by
the ionic sizes. In our previous reports,!®!° atomic
interactions between Al,O; and dopant cations is thus
discussed in various kind of cation-doped alumina with
a grain size of about 1 pm. The results indicated that
ionic bonding strength in alumina with the dopant
cations’ segregation correlates with difference in the
high temperature creep resistance in fine-grained alu-
mina. However, in order to provide evidence that the
dopant cations affect the grain boundary diffusivity in
Al,O3, and that the small amount of cation doping is
effective for the improvement in the creep resistance for
wide-ranging condition, it is necessary to examine the
dopant effect under the testing conditions for which the
dominant rate-controlling mechanism is the grain
boundary diffusional creep.

This paper aims to examine an effect of 0.02 mol%
LuO; s-doping on the high temperature creep resistance
in polycrystalline Al,O; with an average grain size of
about 5 um in which the grain boundary diffusional
creep tend to be a rate-controlling mechanism at high
temperature. In our previous studies, 0.1 mol% LuO; 5
(0.05 mol% Lu,03)-doped Al,O; with the grain size of
about 1 um was used as the specimen, in which the
dopant cations tend to distribute uniformly along the
grain boundaries.'® Moreover, Lu®" cation is one of the
most effective dopants for the improvement in the high
temperature creep resistance.®!¢ In the present study,
one-fifth of the dopant level was chosen; on the
assumption that an average width of the grain bound-
aries where the dopant cations are soluble is indepen-
dent of the grain size, and that the dopant cations
segregate uniformly at the grain boundaries, the con-
centration of Lu*" cations in 0.02 mol% LuO, s-doped
Al,O3 with the grain size of about 5 um must be nearly
the same with that in 0.1 mol% LuO, s-doped Al,O3
with the grain size of about 1 pm, because area of the
grain boundaries in unit volume is in inverse proportion
to the grain size. The dopant effect in the present mate-
rials can be argued in comparison with that in fine-
grained alumina.

2. Experimental procedures

The present materials used in this study were
undoped, high-purity Al,O; and 0.02 mol% LuO s-
doped Al,O;. The starting materials were high-purity
AlL,O; powders (purity >99.99%, TM-DAR; Taimei
Chemistry, Japan) and Lu-acetate (purity>99.99%,
Rare-metallic, Japan). The alumina powders were
mixed with the lutetium-acetate solution to yield the
doping level, ball-milled in ethanol together with Smm
diameter high-purity alumina balls for 24 h, dried and
shifted through a 60 mesh sieve for granulation. The
green compacts were prepared by pressing the mixed
powders into bars with cemented carbide die under a
pressure of 33 MPa, and then isostatically-pressed
under a pressure of 100 MPa. The green compacts of
undoped- and Lu-doped Al,O3 were sintered at 1500 °C
for 2 h and 1550 °C for 4 h in air in order to obtain an
average grain size of about 5 pm, respectively. The grain
size was measured through linear intercept method
using photograph obtained by scanning electron micro-
scopy (SEM; JSM-5200, Jeol, Japan). Relative density
of the present materials was measured by Archimedes
method.

Microstructure in the present materials was examined
with transmission electron microscopy (TEM). TEM
specimens were prepared using a standard technique
involving mechanical grinding to a thickness of 0.1 mm,
dimpled to a thickness of 20 pm and ion beam milling to
electron transparency at about 4 kV. High-resolution
transmission electron microscopy (HRTEM) observa-
tions were performed to analyze the grain boundary
structure using a Hitachi H-9000NAR (300 kV) trans-
mission electron microscope. Chemical analysis was
carried out with an energy dispersive X-ray spectro-
scopy (EDS; Noran Voyager system) attached to the
field-emission type microscope (Topcon-002BF; Top-
con, Japan) using a probe size of less than 1 nm, which
provide local analysis at the vicinity of grain boundary.

High-temperature creep test was carried out at tem-
peratures in the range of 1250-1400 °C under an applied
stress of 10-100 MPa in air by a uniaxial compressive
creep testing machine with a resistance-heated furnace
(HCT-1000, Toshin Industry, Japan). The size of the
creep specimens was 5x5 mm? in cross section and 8
mm in height. The test temperature was measured by a
Pt-PtRh thermocouple attached to each specimen and
kept to within +1 °C.

3. Results and discussions

Fig. 1 shows a scanning electron micrograph of an as-
sintered (a) undoped, high-purity Al,O; and (b) 0.02
mol% LuO; s-doped Al,O5. Fairly uniform and
equiaxed grains with an average grain size of about 5
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Fig. 1. A scanning electron micrograph of an as-sintered (a) undoped,
high-purity Al,O5 and (b) 0.02 mol%LuO, s-doped Al,O;.

um were obtained for each material. The average grain
size of the present materials is listed in Table 1. The
relative density of the present materials is more than
99% of the theoretical density. In LuO; s-doped Al,O3,
dispersion of second phase particles is not observed
both inside grains and at grain boundaries, and the
microstructure seems to be a single phase material as
well as the undoped-Al,O;.

It was confirmed that 0.02 mol% LuO, s-doped Al,O3
is essentially single phase material by HRTEM tech-
nique. Fig. 2 shows a high-resolution transmission elec-
tron micrograph of the grain boundary in 0.02 mol%
LuO; s-doped Al,Os. Second phase particle or amor-
phous phase is not found at the grain boundaries, as
well as in the 0.1 mol% LuO; s (0.05mol% Lu,03)-
doped alumina with the grain size of 0.9 pm.'*"!8 Fig. 3
shows an EDS profile obtained from (a) the grain
interior (5 nm off the grain boundary) and (b) the grain
boundary in LuO; s-doped Al,O; using incident elec-
tron beam diameter of 1 nm. Circles in Fig. 2 indicate
the analyzed points. As shown in Fig. 3, the presence of
lutetium ions is detected only in the grain boundary,
and is not detected in the grain interior. The grain
boundary segregation of Lu®" cations was also
observed in 0.1 mol% LuO,s-doped Al,O; with the
grain size of 0.9 um.'®!7 The present result seems to be
reasonable, because the solubility limit of Lu,O; into
Al,Oj5 is very low.?0

Fig. 4 shows a comparison of creep curves in undoped
and LuO; s-doped Al,O3 under an applied stress of 75
MPa at 1350 °C. The creep deformation in AlLOj is
highly suppressed by the doping of 0.02 mol% LuO; s.
The Lu?®*-doping is effective to improve the high tem-
perature creep resistance in Al,Oz with the grain size of

Table 1

about 5 pm even in the dopant level of 0.02 mol%. The
improvement in the high temperature creep resistance in
0.02 mol%LuO, s-doped Al,O; is not caused by differ-
ence in the grain size, because the grain size in the pre-
sent materials is nearly the same, and grain growth
during creep testing was negligible under the testing
temperature, which is 100-250 °C lower than the sin-
tering temperature. During the creep deformation, the
creep strain rate in the present materials decreases with
time, and takes nearly a constant value after about 20 h
in undoped Al,O53 and about 150 h in Lu-doped Al,Os.
In the present study, steady-state creep rate is decided at
the testing time when change in the strain rate becomes
less than 1x107° s~!, and is analyzed using the follow-
ing equation,

& = Ao"dPexp(—Q/RT) @)

where ¢ is the steady-state creep rate, A is the material
constant, o is the applied stress, d is the grain size, R is
the gas constant and T is the testing temperature. The
parameters for high temperature creep of n, p, and Q are
termed the stress exponent, the grain size exponent and
the activation energy for creep deformation, respec-
tively.

On the basis of Eq. (1), Fig. 5 shows a logarithmic
plot of the steady-state creep rate against the applied
stress in undoped and 0.02 mol% LuO; s-doped Al,O3
at ecach temperature examined. The relationship
between the creep rate and the applied stress at each
temperature exhibits a single straight line for the present
materials under the applied stress examined. The creep
rate in 0.02 mol% LuO;s-doped Al,Oj is about 30
times lower than that in undoped one at 1300 °C. The
doping of LuO; 5 is very effective for the improvement
in the creep resistance in polycrystalline alumina with
the grain size of 5 um as well as for the fine-grained
one.”!'” The stress exponent is about 1 for the present
materials. The stress exponent of 1 is interpreted in
terms of either grain boundary diffusional creep? or lat-
tice diffusional creep.?!-??

Activation energy for creep deformation can be
obtained in a conventional way from an Arrhenius plot
of the creep strain rate. Fig. 6 shows the Arrhenius plot
of the steady-state creep rate against inverse tempera-
ture in undoped Al,O; and 0.02 mol% LuO, s-doped
Al,O5 under the applied stress of 50 MPa. The data in
the present materials exhibit single straight lines. From
the slope of these lines, the activation energy for
undoped and LuO; s-doped Al,O; can be estimated to

Sintering temperature and obtained average grain size in undoped and 0.02 mol% LuO; s-doped Al,O3

Sample Sintering condition Average grain size (pm)
Undoped Al,O3 1500 °C for 2 h 5.4
0.02 mol% LuO; s-doped Al,O3 1550 °C for 4 h 4.9
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Fig. 2. A high-resolution electron micrograph of a grain boundary in
an as-sintered 0.02 mol% LuO; s-doped Al,O5. Circles on the grain
interior and the grain boundary indicate analyzed area by EDS.

be 410 and 780 kJ/mol, respectively. Since the activation
energy for undoped Al,O; is in good agreement with
that for A’ grain boundary diffusion of 418 kJ/mol,??
and is lower than that for oxygen grain boundary dif-
fusion of 460 kJ/mol** and that for AI** or O ions’
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Fig. 3. EDS spectra taken with a probe size of about 1 nm from (a)
grain interior (5 nm off grain boundary) and (b) grain boundary in
0.02 mol% LuO, s-doped Al,Os. The analyzed area is marked by the
circles in Fig. 2.
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Fig. 4. A comparison of creep curves in undoped and 0.02 mol%-
LuO, s-doped Al,O; under an applied stress of 75 MPa at 1350 °C.

lattice diffusion of 510% or 636 kJ/mol,?° the creep
deformation in undoped-Al,O; is thus supposed to take
place by the grain boundary diffusional creep mechan-
ism. On the other hand, the activation energy in LuOj 5-
doped Al,O3 is much larger than that in undoped
Al,O3, and is even larger than that in the lattice diffu-
sion in Al,O3;. However, the large activation energy is
supposed not to be associated with sluggish lattice dif-
fusion by Lu3*-doping, based on the following result.
When diffusional mass transport occurs along the
grain boundary, the steady-state creep rate is given by

;_ 1488DyQ 0
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Fig. 5. A logarithmic plot of steady-state creep rate against applied
stress in undoped and 0.02 mol% LuO, s-doped Al,O5 for each testing
temperature.
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Fig. 6. An Arrhenius plot of steady-state creep rate against inverse
temperature in undoped Al,O; and 0.02 mol% LuO; s-doped Al,Os.
Slope of the lines represents the activation energies for creep defor-
mation.

where § is the grain boundary width, D,y is the grain
boundary diffusivity, € is the atomic volume.? Fig. 7
shows a comparison between the experimental creep
rate in undoped Al,O3 and the theoretical value of the
grain boundary diffusional creep. In Fig. 7, broken lines
indicate the calculated creep strain rate in undoped
Al,O3 with the grain size of 5.4 um using the following
expression for 8D, of A" cation as 8.6x107!°
exp(—418 kJ/mol/RT) m3 s7123 Q@ of AlO;5 as
2.12x107% m? and d=5.4 um. >’ As shown in Fig. 7,
the experimental creep rate in undoped Al,O; is in good
agreement with the calculated creep rate of the grain
boundary diffusional creep. This fact strongly supports
that the rate controlling mechanism in undoped Al,Oj5 is
the grain boundary diffusional creep, while the creep
deformation mechanism in fine-grained alumina with
the average grain size of 0.9 um is considered to be grain
boundary sliding?®3! accommodated by the grain
boundary diffusion of AI** cations.®832:33 These results
are consistent with the previous reports that the pre-
dominant deformation mechanism in alumina with the
grain size of less than 10 pm is the grain boundary dif-
fusional creep® and that the grain boundary sliding
contribution to total creep strain becomes major in
polycrystalline alumina with a grain size of less than
about 2 um.'= In other words, the dopant effect for the
high temperature creep resistance is caused by the
retardation of the grain boundary diffusion in Al,O3
due to the Lu®" cations’ segregation at the grain
boundary.

The value of the activation energy in 0.02 mol%
LuO; s-doped Al,O; is nearly the same with that in 0.1
mol% LuO; s-doped, fine-grained Al,O; with an aver-
age grain size of 0.9 um; the activation energy in fine-
grained Lu-doped Al,Oj5 is estimated to be about 780
kJ/mol.”-33 The distribution of the dopant at grain
boundaries is similar in the two materials. If the reduc-
tion of the steady-state creep rate in fine-grained alu-
mina due to Lu®"-doping results from decrease in the
grain boundary diffusivity, the creep strain rate in
Lu3*-doped Al,O; with the grain size of 5 um can be
predicted from the difference in the creep strain rate
between the fine-grained, undoped and Lu-doped mate-
rials.”>33 In Fig. 7, gray lines indicate the estimated creep
rate in Lu®*-doped Al,O5 with the grain size of 4.9 pm.
The experimental data in Lu’*-doped alumina is fairly
in good agreement with the calculated value. This result
indicates that the accommodation process for the creep
deformation in fine-grained, Lu-doped Al,O; must be
the suppressed grain boundary diffusion, as well as in
the present materials. Under the testing conditions that
the grain boundary diffusion is the dominant accom-
modation mechanism, it is expected that the small
amount of Lu3" doping is highly effective to improve
the high temperature creep resistance in polycrystalline
A1203.
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Fig. 7. A comparison between the experimental creep strain rate and
theoretical grain boundary diffusional creep rate (broken lines) against
the applied stress in high-purity, undoped Al,O; with the average
grain size of 5.4 pm. Calculated creep rates for LuO, s-doped Al,O3
with the grain size of 4.9 um estimated from the previous data’>? (gray
lines) are also plotted, together with the experimental data in 0.02
mol% LuO; s-doped Al,O3.
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4. Conclusions

High temperature creep behavior in high-purity,
undoped polycrystalline Al,O; and 0.02 mol% LuO; s-
doped Al,O5 with an average grain size of about 5 um was
examined under an applied stress of 10-100 MPa at 1250-
1400 °C. The creep deformation in Al,O; was highly
suppressed by 0.02 mol% LuO, s-doping. Steady-state
creep rate in undoped Al,O; was in good agreement
with theoretical creep rate of grain boundary diffusional
creep which was rate-controlled by AI*" cation’s grain
boundary diffusion. In LuO; s-doped Al,O3, dependence
of the creep rate on the applied stress was the same as with
the undoped one, but activation energy for creep defor-
mation was much larger than that in undoped alumina.
Since the creep deformation in Al,O5; with the grain size
of 5 um took place mainly by the grain boundary diffu-
sional creep, and since the doped Lu®* cations are seg-
regated at the grain boundaries, it can be concluded that
the large activation energy for creep deformation and
the sluggish creep rate in 0.02 mol% LuO; s-doped
Al,Oj is attributed to retardation of the grain boundary
diffusivity in Al,O; due to the segregation of Lu3*
cations. Because area of grain boundaries in unit
volume is in inverse proportion to an average grain size,
concentration of the dopant cation at the grain bound-
aries in 0.02 mol% LuO; s-doped Al,O; was supposed to
be nearly the same than in 0.1 mol% LuO; s-doped,
fine-grained Al,O; with the grain size of about Ipum. In
fact, the dopant effect was in the same level in both the
present material and the fine-grained alumina, never-
theless the total amount of dopant in the present mate-
rial was one-fifth of that in fine-grained one. The fact
must be another evidence that the dopant cations’ segre-
gation is the origin of the dopant effect in Lu?*-doped
AL Oj3. In polycrystalline alumina with the grain size of less
than 10 pm, the small amount of Lu®** doping is expected
to be highly effective for creep resistance.
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