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bstract

he high temperature creep behaviour (1200–1400 ◦C and 30–250 MPa) of high-purity alumina (A) and an alumina/YAG nanocomposite (AY)
repared by using a colloidal processing route has been studied. Creep parameters were correlated with microstructural features in order to determine
he dominant creep mechanisms in both materials.

It was found that the creep rate value of AY was 1 order of magnitude lower than the one of undoped alumina A. The creep mechanism for AY

as found to be lattice diffusion (Nabarro–Herring) compared to a combination of grain boundary (Coble) and lattice diffusion for A. When the

low crack growth region of both materials was compared, a significant improvement was observed, i.e. the slow crack growth region of alumina
hifted to nearly 2.5 times the stresses applied for AY at the temperatures of 1200, 1300 and 1400 ◦C.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Due to a good balance of properties (cost, sintering temper-
ture, σf, KIC and creep rate) alumina is at present, the most
ommon ceramic material used for industrial applications.

The effect of dopants on the microstructural features and on
he creep behaviour of alumina sintered compacts has consti-
uted an active subject of research during the last 30 years.

The first attempts to dope alumina with metal cations were
ade by Hollenberg and Gordon,1 using trivalent ions such as
e3+ and Cr3+. These researchers came to the conclusion that

hese ions only have a small influence on the creep rate of alu-
ina. Dopant ions such as Fe2+, Ni2+ and Ti4+ have generally

een found to increase the creep rate of alumina.1,2 Recently
he role of yttrium-doped alumina has been the subject of sev-
ral studies3,4 (Table 1). From these results it was made clear
hat doping ultra-high-purity alumina with yttrium has a bene-

cial effect on high temperature deformation, as the creep rate
f ultra-high-purity alumina can be lowered by at least 2 orders
f magnitude. In these previous works the alumina was doped
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nly with small quantities of large ions just below and slightly
bove the solubility limit. Then, only a small fraction, if any, of
econd phase was obtained (YAG). In a very recent paper Satapa-
hy and Chokshi5 report that alumina–5 vol.%YAG micrometer
ized composite deform by a Coble grain boundary diffusion
rocess.

The present work is focused on the impact of the presence
f YAG nanoparticles at alumina grain boundaries on the creep
perating mechanisms of alumina. A study of the high temper-
ture slow crack growth region (SCG) given by pairs of critical
tress and the corresponding critical strain rate at different tem-
eratures was accomplished for mullite by Torrecillas et al.6

similar study for alumina and alumina/YAG nanocompos-
tes is also proposed in the present investigation. This study
ould surely contribute to understand the complexity of the

reep behaviour of this kind of composites.

. Experimental procedure
.1. Materials

A commercial high-purity �-alumina (Al2O3) powder (HPA-
.5, Condea, Hamburg, Germany) with d50 = 0.46 �m, a specific

mailto:rtorre@incar.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.177
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Table 1
Influence of dopants on the creep rate of alumina (ε̇A)

Dopant (ppm) Temperature (◦C) ε̇A+D/ε̇A Reference

Y2O3 (1000) 1200 ∼10−2 5

Y2O3 (1000) 1250 ∼10−2 6

La2O3 (1000) 1250 ∼10−2 6

Lu2O3 (1753) 1250 2 × 10−2 8,9
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a2O3 (1437) 1250 5 × 10−3 8,9

2O3 (996) 1250 5 × 10−3 8,9

urface area of 9.9 m2/g and 99.99% purity was used as start-
ng material. The chemical analysis of this high-purity alumina
owder is shown in Table 2. The alumina powder was sieved
nder 45 �m, cold isostatically pressed (CIP) at 200 MPa and
nally sintered in air at 1600 ◦C for 2 h. The alumina sam-
le was called A. The alumina crystals surface modification
as achieved by colloidal processing following the powder-

lkoxide route.7 Then the alumina powder was dispersed in
nhydrous 99.97% ethanol and by the drop wise addition of
ttrium methoxyethoxide (ABCR, Germany) to the dispersion,
he yttrium methoxyethoxide molecules were fixed to the alu-

ina surface. The slurry was first dried under magnetic stirring
t 70 ◦C and subsequently in air at 120 ◦C for 24 h in order to
liminate the rest of the alcohol. The dried powder was sub-
equently crushed to remove agglomerates resulting from the
rying process. The powder was thermally treated at 850 ◦C
or 2 h in order to remove organic residuals and to precipitate
he Y2O3 nanoparticles on the alumina grains surface (Fig. 1)
nd subsequently attrition-milled with alumina balls for 30 min.
fter drying, the powder was sieved under 45 �m. The powder

hus obtained was cold isostatically pressed (CIP) at 200 MPa
nd sintered in air at 1600 ◦C for 2 h. The sample was called AY.

.2. Characterisation techniques
Creep tests were carried out in air in a four-point-bending
xture at temperatures ranging from 1200 to 1400 ◦C under
tresses ranging from 30 to 250 MPa using an Instron 8562

able 2
hemical analysis of �-Al2O3 powder (Condea, HPA-0.5)

Trace impurities (ppm)

a 19
i 25
e 14
a 4
g 4
a <4
r 3
i <1
i 8
n 1
u <1
o <4
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Fig. 1. TEM image of starting alumina–nY2O3 powders.

esting machine. The heating rate of the furnace was 300 ◦C/h
n order to avoid significant thermal gradients and thermal
nstabilities. In order to ensure dimensional stability for all parts
f the testing machine, the holding time at the test temperature
as 1 h. At the corresponding temperature a constant load P
as immediately applied and the specimen deflection (on the

ensile face) at the centre of the sample and the load applied
ere recorded as a function of time.
The specimens were parallelepipeds with the following

imensions: b (sample width) 4 mm, w (sample height) 3 mm,
(sample length) 35 mm (4 mm × 3 mm × 35 mm). The tensile
ace of all the specimens was polished with diamond paste down
o 3 �m and the edges were chamfered (about 45◦) in order to
void the influence of microcracks on creep behaviour.

A four-point-bending fixture of alumina with an outer span
f 28 mm and an inner span of 14 mm was used and the flexural
tress on the tensile face of the specimen was calculated by the
ollowing expression:

= 3P(L − L′)
2bw2 (1)

here P is the applied load, L the outer span, L′ the inner span,
the sample width and w is the sample height.
Hollenberg et al.8 showed that the creep strain ε can be cal-

ulated from the deflection y at the centre of the specimen, if
here is no major cracking in the specimen and the deflection y
s small compared to the inner span L′:

= K(n)y (2)

(n) being calculated as

(n) = 2w(n + 2)

(L − L′)[L + L′(n + 1)]
(3)
he constant K(n), in addition to its dependence on n, is also a
unction of the spans L and L′. Hollenberg et al.8 have shown
hat for (L/L′) values close to 2, K(n) is almost insensitive to the

value. So, expression (2) can be used and ε calculated with
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n approximate value for n. In the case of a too high divergence
etween the determined n and the initially supposed n, calcula-
ions for ε must be made again.

For microstructural observations by scanning electron
icroscopy (SEM), the surfaces of the sintered specimens were

olished and thermally etched at 1400 ◦C/1 h to reveal grain mor-
hologies. Grain sizes on the polished surfaces were measured
y using image analysis software (Leica QWin Standard V 2.3,
eica, Germany).

. Results and discussion

.1. Microstructure

Fig. 2(a) and (b) shows the microstructure of the non-
eformed samples A and AY, respectively. Alumina (A) shows a
ense and homogenous microstructure with a mean grain size of
.9 �m. All alumina grains are nearly equiaxed. Sample AY has

dispersion of second phase particles, located at alumina grain
oundaries and triple points. These second phase particles at alu-
ina grain boundaries are yttrium aluminium garnet (YAG). All

f these YAG particles are located at grain boundaries or triple

Fig. 2. SEM micrograph of (a) A and (b) AY.
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ig. 3. Fracture surfaces of A (a) before and (b) after creep measurements.

oints. Only very few intragranular YAG nanoparticles were
ound and almost all alumina triple points are occupied by sec-
nd phase nanoparticles. The distribution of the YAG particles
hroughout the alumina matrix was found to be very homoge-
eous with a mean particle size of 200 nm for YAG and 3.6 �m
or alumina grains, respectively. This is a direct consequence of
he highly homogeneous distribution of the Y2O3 in the start-
ng alumina powder (Fig. 1) which was obtained by using the

entioned colloidal route.7 This result contrast with the hetero-
eneous distribution and bimodal microstructures obtained in
revious works.5

Fig. 3(a) and (b) and Fig. 4(a) and (b) show the fracture
urfaces at room temperature and after creep measurements in
he case of slow crack growth for A and AY, respectively. It is
vident that no significant grain growth occurred during creep
eformation.

.2. Creep parameters and slow crack growth
The creep behaviour of A and AY at 1300 ◦C is shown
n Fig. 5(a) and (b) in a strain versus time plot. For A the
pplied stresses range from 30 to 100 MPa, while for the AY
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Fig. 4. Fracture surfaces of AY (a) before and (b) after creep measurements.

Fig. 5. Creep curves of (a) A and (b) AY at 1300 ◦C.
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Fig. 6. Strain rate evolution vs. time for (a) A and (b) AY at 1300 ◦C.

anocomposite they range from 30 to 210 MPa. All creep
urves show only the primary creep and steady-state creep
egion. No tertiary creep region was observed, even in the case
f fracture surfaces of broken specimens. Both materials A and
Y reached the steady-state at 1300 ◦C for all applied stresses
s can be observed in Fig. 6(a) and (b) in a strain rate versus
ime plot. Considering the time interval 0–65 h, no specimen
racture was observed for A up to an applied stress of 80 MPa,
hereas for AY an applied stress of 190 MPa was possible
ithout there occurring any fracture in the sample. At 1300 ◦C

racture occurred for alumina at an applied stress of 100 MPa,
hile 210 MPa were necessary in the case of AY composites

n order to observe fracture of the specimen as a result of slow
rack growth. Fracture of sample A took place approximately
fter 4 h, whereas fracture of AY occurred after 5 min. This dif-
erence in fracture behaviour for A and AY at 1300 ◦C was also
bserved at 1200 and 1400 ◦C. In the slow crack growth region
deforms somewhere between 2 and 4 h before fracture, while

he fracture for AY occurs after short time intervals (0–5 min).
It should be noted that with a relatively small quantity of

AG nanoparticles at grain boundaries and triple points, the
low crack growth region of alumina shifts from 80 MPa for

to 190 MPa for AY at 1300 ◦C, nearly 2.5 times the applied
tress.

The steady-state creep rate ε̇ is expressed by the following
quation:

σn
(

Q
)

˙ = A
dp

exp −
RT

(4)

here A is a material constant, σ the applied stress, n the stress
xponent, d the grain size, p the grain size exponent, Q the
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Fig. 7. Steady-state creep rate vs. applied stress for A and AY.

ctivation energy for creep, R the gas constant and T is the
bsolute temperature.

A complete creep behaviour characterisation for A and AY
as performed in the temperature range of 1200–1400 ◦C with
ifferent applied stresses in order to determine the stress expo-
ents n for a given temperature and the activation energies Q for
given stress.

Fig. 7 shows the steady-state creep rate as a function of the
pplied stress in a log–log plot for A and AY, respectively. The
pplied stresses were 30–120 MPa for A and 30–250 MPa for AY
n the 1200–1400 ◦C temperature range. The stress exponents

for A and AY were determined for the constant tempera-
ures 1200, 1300 and 1400 ◦C. The stress exponents n for A at
200 ◦C (n = 1.52) and 1300 ◦C (n = 1.46) were nearly the same.
t 1400 ◦C the stress exponent rises to n = 1.76. Sample AY has
stress exponent of 1.08 at 1200 ◦C and 1.15 at 1300 ◦C. At

400 ◦C the stress exponent rises to 1.66. Both materials show
nly small differences for n at 1200 and 1300 ◦C, which may be
ttributed to experimental scatter. At 1400 ◦C the values of n for
oth materials rise.

Fig. 8(a) and (b) shows the relationship of the steady-
tate creep rate ε̇ and the reciprocal of the absolute temper-
ture 1/T on a log ε̇ − 1/T plot for A and AY, respectively.
he stresses used for the determination of the activation ener-
ies Q were 50 and 70 MPa for A, while for AY stresses of
0 and 100 MPa were applied. The temperature range was
200–1400 ◦C for both materials. For A with an applied stress
f 50 MPa the activation energy was 517 kJ/mol, whereas for an
pplied stress of 70 MPa the calculated activation energy was
27 kJ/mol. AY has an activation energy Q of 554 kJ/mol for an
pplied stress of 70 MPa and 595 kJ/mol for an applied stress
f 100 MPa.

In Fig. 7 two regions can be clearly discerned: a region where
o specimen fracture occurs in the time interval of 0–65 h and
nother region where specimen fracture occurs. The latter is
alled the slow crack growth region. Both regions can be clearly
eparated by a straight line for both materials, A and AY. This line

s given by pairs of critical stress and the corresponding critical
train rate for the temperatures 1200, 1300, 1400 ◦C, respec-
ively. For A this slow crack growth region can be defined by the
ollowing values: 1200 ◦C, 100 MPa; 1300 ◦C, 80 MPa; 1400 ◦C,

a
m
e

ig. 8. Steady-state creep rate vs. reciprocal of the absolute temperature for (a)
and (b) AY.

0 MPa and their corresponding strain rates. Between these three
oints a straight line can be drawn in the log strain rate–log
pplied stress diagram, clearly marking the slow crack growth
egion of A. For AY the slow crack growth region can be defined
y the following values: 1200 ◦C, 230 MPa; 1300 ◦C, 190 MPa;
400 ◦C, 170 MPa and their corresponding strain rates. For this
aterial a straight line can also be drawn between these three

oints, clearly separating the slow crack growth region for AY.
ig. 7 shows that the slow crack growth region has been shifted

o nearly 2.5 times the stresses applied in the temperature range
f 1200–1400 ◦C for AY material.

Li et al.9 determined stress exponent values close to n = 2 for
he doped and undoped materials, i.e. materials with and without
mall quantities of second phase particles. They pointed out the
ossibility of interface reaction in the creep process. Yoshida et
l.10 reported stress exponents of about 2 and they justified this
alue in terms of either interface reaction-controlled diffusional
reep11 or grain boundary sliding.12,13,14 In their subsequent
tudy they confirmed this assumption.10 Corman15 has studied
he creep behaviour of single crystalline YAG and demonstrated
hat YAG is much more creep resistant than single crystal alu-
ina (sapphire). For polycrystalline YAG, Parthasarathy et al.16

eported a stress exponent of 1.1 at 1500 ◦C and 1.24 at 1610 ◦C.
hey attributed the deformation to a Nabarro–Herring creep
echanism. French et al.17 obtained a stress exponent of 2.6 for

olycrystalline YAG, admitting that this was somewhat higher
han that previously reported.16

In this study the stress exponent for A is around 1.5 at 1200

nd 1300 ◦C. This value is comparable to stress exponents deter-
ined for alumina by other researchers.18 For AY the stress

xponent determined is nearly 1 at 1200 and 1300 ◦C. Thus it
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AY were normalised with the grain size exponent 2, assuming
Fig. 9. Strain rate evolution vs. time for (a) A and (b) AY at 1400 ◦C

ay be concluded that the small quantity of YAG nanoparticles is
ontrolling the creep behaviour of AY. As a consequence, lattice
iffusion (Nabarro–Herring) must be the controlling mechanism
n this composite. At 1400 ◦C the values of n for both materials,

and AY, rise. These values can be overestimated. This over-
stimation becomes clear in Fig. 9(a) and (b), where the strain
ate is represented as a function of time. At 1400 ◦C and with
igh applied stresses the curves are still in the primary creep
egion, signifying that the steady-state has not yet been reached.
herefore the calculated strain rates cannot be considered as
teady-state creep rates.

The activation energies calculated for A were 517 and
27 kJ/mol for an applied stress of 50 and 70 MPa, respec-
ively (Fig. 8(a) and (b)). The activation energy for Al3+ grain
oundary diffusion is 420 kJ/mol, whereas for Al3+ lattice diffu-
ion the activation energy is 578 kJ/mol.18–20 A comparison of
hese values with the measured values suggests that both Al3+

rain boundary diffusion and Al3+ lattice diffusion are active
n the measured temperature range of 1200–1400 ◦C. Cannon
nd Coble18 obtained a similar result for Mg-doped Al2O3 with
rain sizes in the range of 1–15 �m, suggesting cation boundary
ontrol for the fine-grained material and cation lattice control
or the larger-grained materials, but with the contribution of
oundary diffusion, especially at lower temperatures. Taking
nto account the fact that the measured grain size of A was
.9 �m and the temperature range was 1200–1400 ◦C, the results
btained in the present study agree with the ones obtained in the
entioned works. Thus a combination of grain boundary diffu-
ion controlled creep and lattice diffusion controlled creep must
e the dominant creep mechanism for A. The measured stress
xponent of 1.5 at 1200 and 1300 ◦C for A confirms this suppo-

t
(
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ition. The calculated activation energies for AY were 554 and
95 kJ/mol for an applied stress of 70 and 100 MPa, respec-
ively (Fig. 8(a) and (b)). These values were lower than the
ctivation energies measured for Y-doped Al2O3 in the litera-
ure. French et al.17 obtained 698 kJ/mol for the activation energy
f a 1000 ppm yttrium-doped Al2O3 with an applied stress of
5 MPa in the 1125–1350 ◦C temperature range. In a subsequent
tudy21 these researchers calculated 685 kJ/mol for the same
aterial with an applied stress of 50 MPa in the temperature

ange of 1200–1350 ◦C. Yoshida et al.22 obtained 830 kJ/mol
or Al2O3 doped with 0.045 mol% Y2O3 for an applied stress
f 100 MPa in the 1250–1350 ◦C temperature range. The creep
f polycrystalline YAG was examined by Parthasarathy et al.16

nd French et al.17 calculated an activation energy of 586 kJ/mol
or an applied stress of 75 Pa in the 1250–1350 ◦C tempera-
ure range, while Parthasarathy et al.16 found 549 kJ/mol for
n applied stress of 45 MPa and 579 kJ/mol for an applied
tress of 300 MPa. A comparison of these values with the
esults obtained for AY indicates that the controlling mech-
nism is lattice diffusion (Nabarro–Herring). The measured
tress exponent of nearly 1 at 1200 and 1300 ◦C confirms this
ssumption.

The differences observed in the creep behaviour of the AY
anocomposite and A can be explained as follows. A combi-
ation of grain boundary diffusion controlled creep and lattice-
iffusion controlled creep is assumed to be the dominant creep
echanism of alumina. When YAG particles are formed at alu-
ina grain boundaries during sintering, sliding of alumina grains

hould only be possible if YAG nanoparticles are deformed. The
igh activation energy required to deform these YAG nanopar-
icles as well as the strong influence that nanosizes have on all
hermally activated mechanisms (assuming there are no defects
resent in the nanoparticles, like dislocations, vacancies, etc.)
re very well known. As a consequence, the activation energy
ssociated with the grain boundary diffusion of Al3+ will rise
o values close to those corresponding to the lattice diffusion
f YAG nanoparticles. The activation energy of the lattice dif-
usion of Al3+ is very similar to the activation energy of the
attice diffusion of polycrystalline YAG and thus the defor-

ation mechanism operating in this composite will be lattice
iffusion. The measured stress exponents of 1.08 at 1200 ◦C
nd 1.15 at 1300 ◦C and the activation energies of 554 kJ/mol
etermined for an applied stress of 70 MPa and 595 kJ/mol for
n applied stress of 100 MPa clearly point to this deformation
echanism.
In Fig. 8(a) and (b) it can be seen that the strain rate of AY is

ower over the whole temperature range than that corresponding
o A, which signifies that AY has more or less half the strain rate
f A for an applied stress of 70 MPa. In order to compare these
esults, the differences in grain sizes of both materials have to
e considered. For lattice-diffusion controlled creep the grain
ize exponent p is 2 and for grain boundary diffusion controlled
reep the grain size exponent is 3.23–25 The creep rates of sample
hat the dominant creep mechanism for AY is lattice diffusion
Nabarro–Herring). Thus, taking into account the differences in
rain sizes for A and AY, a normalised strain rate for AY ε̇nAY
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Fig. 10. Normalised creep rates with p = 2 for (a) A and (b) AY.

an be defined as

˙nAY =
(

1

dA/dAY

)p

ε̇AY (5)

here ε̇AY is the measured creep rate for AY, dA is the mean
rain size of alumina and dAY is the mean grain size of AY. The
esults of the normalisation for a grain size exponent of 2 are
hown in Fig. 10. It can be observed that the strain rate of A is
educed by approximately one order of magnitude.

In summary it can be stated that the creep behaviour of AY
s controlled by the small volume fraction of YAG nanoparti-
les located at the grain boundaries of alumina. The calculated
tress exponent and activation energy lead to the conclusion
hat the dominant creep mechanism for AY is lattice diffusion
Nabarro–Herring).

The effect of the presence of a second phase at the matrix
rain boundaries on the activation energy values was also studied
y Wang and Raj26 in the case of alumina–zirconia ceramics
uggesting that the bonding at the interface influences diffusion
ransport.

The slow crack growth region for both materials is limited
y maximum stress and the corresponding strain rate for the
emperatures 1200, 1300 and 1400 ◦C. The creep region can be
haracterised by the uniform values of the stress exponent, acti-
ation energy and low strain rates, while the slow crack growth
egion (SCG) is characterised by slow crack growth and ulti-
ately catastrophic failure in a brittle manner. To avoid the risk

f catastrophic failure of A and AY at high temperatures, the
ange of stresses and temperatures at which deformation occurs
ia accommodated creep and not by creep damage or slow crack
rowth has to be determined. For A this slow crack growth region
an be defined by the following values: 1200 ◦C, 100 MPa;
300 ◦C, 80 MPa; 1400 ◦C, 70 MPa, whereas for AY the fol-
owing values were determined: 1200 ◦C, 230 MPa; 1300 ◦C,
90 MPa; 1400 ◦C, 170 MPa. This signifies that the slow crack
rowth region has been shifted by nearly 2.5 times the stresses
pplied over the temperature range of 1200–1400 ◦C.

. Conclusions
The colloidal processing route used in this study leads to
very homogeneous microstructure with YAG nanoparticles

ocated at nearly all triple points and alumina grain boundaries.

1

1

n Ceramic Society 27 (2007) 143–150 149

The presence of the YAG nanoparticles changes the defor-
ation mechanisms and thus the creep behaviour is completely

ifferent to that of pure alumina. The sliding of alumina grains
s blocked by the presence of the YAG nanoparticles. Due to
he high activation energy required to deform YAG nanoparti-
les, the activation energy associated with the grain boundary
iffusion of Al3+ rises to values close to those of the lattice dif-
usion of YAG nanoparticles. It can be deduced, therefore, that
he deformation mechanism operating in this composite is lattice
iffusion.

Because of this, a significant improvement (nearly 2.5 times
he stresses applied in the 1200–1400 ◦C temperature range) of
he threshold at which slow crack growth at high temperatures
ppears is achieved in alumina/YAG nanocomposite.
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