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Abstract

The high-temperature creep behaviour of high-purity alumina (A) and an alumina-mullite—zirconia nanocomposite (AZS) has been studied. The
alumina—mullite—zirconia nanocomposite was prepared by using a colloidal processing route (powder—alkoxide mixtures). Creep tests were carried
out in air in a 4-point-bending-fixture from 1200 to 1400 °C under constant stresses ranging from 30 to 220 MPa. Creep parameters (stress exponent
n and activation energy Q) were correlated with microstructural features in order to determine the dominant creep mechanisms for both materials.
The slow crack growth region (SCG), given by pairs of critical stress and the corresponding critical strain rate at the temperatures 1200, 1300 and
1400 °C of both materials was studied.

It was found that the creep rate of AZS was two orders of magnitude lower than the creep rate of undoped alumina A. The dominant creep
mechanism of A is assumed to be a combination of grain boundary and lattice diffusion controlled creep. The creep mechanism for AZS is different
and depends on the temperature. It is supposed that lattice diffusion controlled creep (Nabarro—Herring) is the dominant creep mechanism at
1200 °C, whereas at 1300 °C it is supposed to be grain boundary sliding accommodated by grain boundary diffusion. Comparing the slow crack
growth region of both materials, a dramatic improvement was observed. The slow crack growth region of alumina is shifted nearly twice concerning
the applied stresses for AZS at the temperatures 1200, 1300 and 1400 °C.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction densities, better microstructures and better creep behaviour.!?

Most of the intentionally added dopants present a low limit of
At present, alumina is the most common ceramic material  golubility in alumina and thus are segregated to grain bound-

for industrial applications. It has quite good bending strength,  aries. At higher concentrations, some of them form secondary
but fracture toughness is quite low (4-5 to 5MPam'” for>99%  phases at grain boundaries (crystalline or amorphous) leading
purity). High-purity alumina presents a fair creep resistance,  to important modifications in the microstructure and thus mod-
depending on the impurity content present in the starting pow-  ifying the whole properties of alumina. Several approaches can
ders as well as the cleanness of the atmosphere during sintering. be followed to increase the creep rate of alumina. For exam-
Taking into account that the material is quite cheap, it can be con- ple, the formation of secondary phases which form a strong
cluded that all efforts dealing with an improvement of fracture interface with alumina could drastically reduce the creep rate
toughness and creep resistance should have an important tech-  at high temperatures.> Also, the formation of phases with dif-

nological impact for the potential uses of alumina. For these  ferent thermal expansion coefficients could introduce thermal
reasons researchers investigated in recent years the addition of  stresses at grain boundaries clearly modifying the crack propa-
dopants in order to get better densification behaviour, higher  gation behaviour. Thus, the tailoring of microstructures in order
to enhance creep behaviour of alumina nanocomposites over a

range of temperatures should be possible.
* Corresponding author. There was not much research carried out during the last
E-mail address: rtorre@incar.csic.es (R. Torrecillas). 10 years concerning the creep behaviour of composites in the
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system alumina—mullite—zirconia. Torrecillas et al.’ produced
mullite-zirconia—alumina composites by reaction sintering of
alumina and zircon powders. The obtained composite presents
mullite as the matrix phase (55 wt%) and zirconia (31.85 wt%)
and alumina (13.15 wt%) at grain boundaries. These researchers
examined the creep behaviour with an applied stress of 100 MPa
at the temperature range 1200-1400 °C and observed a very low
creep rate (10719 s~1) at the temperature interval 1200-1300 °C.
Jang et al.*> used a new colloidal processing route to pre-
pare a dense 50 wt% alumina—30 wt% mullite—20 wt% zirconia
composite. They investigated phase formation, microstructural
development and toughening mechanisms operating on this
composite. Mazzei and Rodrigues® and Mazzei et al.” produced
alumina—mullite—zirconia composites by reaction sintering of
zircon and alumina powders with the following alumina percent-
ages after sintering: 89.47 wt% (comp. 1), 79.07 wt% (comp.
2), 68.85 wt% (comp. 3), 58.79 wt% (comp. 4) and 48.89 wt%
(comp. 5), having in all cases alumina as the matrix phase. They
studied the microstructure, the mechanical properties and the
R-curve behaviour of these five composites.

Li et al® co-doped ultra-high-purity «-alumina powder
(AKP-53, Sumitomo, Japan) with different dopants such as
100 ppm Nd, 100 ppm Zr, 100 ppm Nd/100 ppm Zr, 350 ppm
Nd/100 ppm Zr, 1000 ppm Nd/100ppm Zr and 1000 ppm
Sc/100 ppm Zr. The quantity of ZrO; was always 100 ppm. The
researchers studied the influence of doping on the flow stress,
creep rate, stress exponent and activation energy. A study of the
slow crack region (SCG) given by pairs of critical stress and
the corresponding critical strain rate at different temperatures
was undertaken for mullite by Torrecillas et al.” Similar stud-
ies for alumina and alumina—-mullite-zirconia nanocomposites
have not yet been realised.

Lowering the creep rate of alumina requires a very homoge-
nous microstructure. For secondary phase precipitates only
intergranular and not intragranular particles should be present in
the microstructure. Additionally, homogenous size distributions
are required for both alumina and secondary phase particles.
In order to reach these objectives, special care has to be taken
during the processing step.

In the present study, the creep behaviour of ultra high-purity
alumina (Condea HPAO,5) (A) and ultra-high-purity alumina
doped with a mixture of zirconium n-propoxide and tetraethyl
orthosilicate (TEOS) in the stoichiometrie of zircon (AZS) is
compared. AZS was prepared by using a colloidal processing
route using a powder—alkoxide mixture.' The slow crack growth
region for both materials (A and AZS) was also studied.

2. Experimental procedure
2.1. Materials

A commercial high-purity a-alumina (Al,O3z) powder
(HPAO,5, Condea, Hamburg, Germany) with dso=0.46 pum, a
specific surface area of 9.9 m?/g and 99.99% purity was used
as starting material. The chemical analysis of this high-purity
alumina powder is shown in Table 1. This alumina powder was

Table 1
Chemical analysis of a-Al,O3 powder (Condea HPAO,5)

Trace impurities (ppm)

Na Si Fe Ca Mg Ga Cr Ni Ti Mn Cu Mo Li Zn Zr

19 25 14 4 4 <4 3 <1 8 1 <1 <4 <1 1 4

sieved under 45 wm, cold isostatic pressed (C.I.P.) at 200 MPa
and finally sintered in air at 1600 °C for 2 h. This sample was
called A. The grain boundary modification was achieved by the
dropwise addition, to an alumina powder dispersed in anhydrous
99.97% ethanol, of a mixture of zirconium I'V-propoxide (70%
solution in 1-propanol) (Sigma—Aldrich, Spain) and tetraethyl
orthosilicate TEOS 98% (Sigma—Aldrich) in the stoichiometrie
of zircon. The slurry was first dried under magnetic stirring at
70°C and subsequently in air at 120°C for 24 h in order to
eliminate the rest of the alcohols. The dried powder was sub-
sequently crushed to remove agglomerates resulting from the
drying process. The powder was thermally treated at 850 °C
for 2h in order to remove organic residuals and subsequently
attrition milled with zirconia balls for 30 min. After drying, the
powder was sieved under 45 wm. The obtained powder was cold
isostatic pressed at 200 MPa and sintered in air at 1600 °C for
2 h. This sample was called AZS.

2.2. Characterisation techniques

Creep tests were carried out in air in a 4-point-bending-fixture
at temperatures ranging from 1200 to 1400 °C under stresses
from 30 to 220MPa using a Instron 8562 testing machine.
The heating rate of the furnace was 300 °C/h in order to avoid
significant thermal gradients and thus thermal instabilities. In
order to obtain dimensional stability of all parts of the testing
machine, the holding time at the test temperature was 1h. At
the corresponding temperature, a constant load P was applied
immediately and the specimen deflection (on the tensile face) at
the centre of the sample and the applied load were recorded as
function of time.

The specimens were parallelepipeds with the following
dimensions: b (sample width) 4 mm, w (sample height) 3 mm
and / (sample length) 35 mm. The tensile face of all the speci-
mens was polished with diamond paste down to 3 wm and the
edges were chamfered (about 45°) in order to avoid influences
of microcrack formation on the creep behaviour.

A 4-point-bending-fixture of alumina with an outer span of
28 mm and an inner span of 14 mm was used and the flexural
stress on the tensile face of the specimen was calculated by the
following expression:

3P(L—L") !
7T T 0w M
where P is the applied load, L the outer span, L’ the inner span,
b the sample width and w is the sample height.

Hollenberg et al.!? showed that the creep strain & can be
calculated from the deflection y at the centre of the specimen if
there is no major cracking in the specimen and the deflection y
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is small compared to the inner span L’

e = K(n)y, 2)
with

2 2
K(n) = e +2) 3)

(L—L)L+Lm+1D]

The constant K(n), in addition to its dependence on #, is also a
function of the spans L and L’. Hollenberg et al.!” have shown
that for (L/L’) values close to 2, K(n) is almost insensitive to
the n value. So, expression (2) can be used and ¢ calculated
with an approximated value for . In case of too high divergence
between the determined » and the initial supposed n, calculations
of & must be realised again.

For microstructural observations by scanning electron
microscopy (SEM), the surfaces of the sintered specimens were
polished and thermally etched at 1400 °C/1h to reveal grain
morphologies.

3. Results and discussion
3.1. Microstructure

Fig. 1(a and b) shows the microstructure of the non-deformed
samples A and AZS, respectively. Alumina (A) shows a dense
and homogenous microstructure with a mean grain size of
5.9 wm. All alumina grains are nearly equiaxed. The sample
AZS has a dispersion of secondary phase particles located at
alumina grain boundaries and triple points. These secondary
phase particles at the alumina grain boundaries are tetragonal
zirconia and mullite. All of these tetragonal zirconia and mul-
lite particles are located at alumina grain boundaries or triple
points. No intragranular secondary phase particles were found
and about 100% of all alumina triple points are occupied, tak-
ing into account that the image observed is a section of the
composite and as a consequence the triple points observed are
not real triple points. The different triple points in this sample
can be occupied by zirconia or mullite or zirconia and mullite
particles. The distribution of the mullite and zirconia particles
throughout the alumina matrix is homogenous, with a mean
particle size of 200 nm for the zirconia particles, 600 nm for
the mullite particles and 1.9 wm for the alumina particles. Figs.
2(a and b) and 3(a and b) show the fracture surfaces before
and after creep measurements for A and AZS, respectively. It is
evident that no significant grain growth occurred during creep
deformation.

3.2. Creep parameters and slow crack growth

The creep behaviour of A and AZS at 1300 °C is shown in
Fig. 4(a and b) in a strain versus time plot. For A the applied
stresses range from 30 to 100 MPa, while for AZS nanocom-
posites they range from 30 to 170 MPa. All creep curves show
only the primary creep and steady-state creep region. No tertiary
creep region was observed, even in case of broken specimens.
Both materials A and AZS reached the steady state at 1300 °C
for all applied stresses as it can be observed in Fig. 5(a and b)

A ] - =
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Fig. 1. SEM micrograph of: (a) A and (b) AZS.

in a strain rate versus time plot. Considering the time interval of
0-65 h, there was no specimen fracture observed for A up to an
applied stress of 80 MPa, whereas for AZS an applied stress of
150 MPa was possible without fracture of the sample consider-
ing the stress interval 0-2.5%. For the applied stress of 150 MPa
a time interval could not be applied, because the method for
the calculation of the stress is limited, meaning that the deflec-
tion of the sample is more than 10% of the inner span of the
4-point-bending-fixture.!” At 1300 °C fracture occurs with an
applied stress of 100 MPa for A, while 170 MPa was necessary
for AZS in order to observe the fracture of the specimen by slow
crack growth. Fracture of samples A and AZS occurs approxi-
mately after 4 h. This similar fracture behaviour for A and AZS
at 1300 °C is not observed at 1200 and 1400 °C, meaning that
A deforms for a time interval between 2 and 4 h before rup-
ture, while the fracture of AZS occurs at 1200 °C after 36 h, at
1300 °C after 4 h and at 1400 °C after a few minutes.

Itis important to point out that with a relatively small quantity
of tetragonal zirconia and mullite particles at grain boundaries
and triple points, the slow crack growth region of alumina is
moved from 80 MPa for A to 150 MPa for AZS, nearly two
times of the applied stress.
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Fig. 2. Fracture surfaces of A before (a) and after (b) creep measurements.

The steady-state creep rate ¢ is expressed by the following
equation:

. o" 0
&= Ad_l’ exp <_ﬁ) , 4

where A is the material constant, o the applied stress, n the
stress exponent, d the grain size, p the grain size exponent, O
the activation energy for creep, R the gas constant and 7 is the
absolute temperature.

A complete creep behaviour characterisation for A and AZS
was realised at the temperature range 1200-1400 °C with differ-
ent applied stresses in order to determine the stress exponents n
for a given temperature and the activation energies Q for a given
stress.

Fig. 6 shows the steady-state creep rate as a function of the
applied stress in a log—log plot for A and AZS, respectively.
The applied stresses were 30—120 MPa for A and 30-220 MPa
for AZS at the temperature range 1200-1400°C. The stress
exponents n for A and AZS were determined for the constant
temperatures 1200, 1300 and 1400 °C. The stress exponent n
for A at 1200 and 1300 °C was nearly the same, being n=1.52
and n=1.46 at 1200 and 1300 °C, respectively. At 1400 °C the

ZOKU 1LOmm
INCAR-CSIC
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Fig. 3. Fracture surfaces of AZS before (a) and after (b) creep measurements.

stress exponent raises to 7= 1.76. The sample AZS has a stress
exponent of 1.21 at 1200 °C and 1.53 at 1300 °C. At 1400 °C the
stress exponent raises to 1.67. Sample A shows only a small dif-
ference in their measured n at 1200 and 1300 °C, which can be
explained as experimental scatter, whereas AZS has clearly two
different stress exponents n at 1200 and 1300 °C, respectively. At
1400 °C the values of n for both materials are raised. In this study,
the stress exponent for A is around 1.5 at 1200 and 1300 °C.
This value is comparable with stress exponents determined for
alumina by other researchers.®13-2! For AZS the determined
stress exponent is nearly 1.2 at 1200 °C and 1.5 at 1300 °C. On
afirst view the calculated stress exponent at 1200 °C seems to be
rare because other researchers?>%328 calculated stress exponents
around 2 for alumina doped with different quantities of zirconia.
The explanation was found studying the sintering behaviour and
the phase evolution during sintering.! The differential shrinkage
curve of AZS showed a sudden increase at the temperature inter-
val 1580-1630 °C. It is assumed that this is due to the formation
of mullite via a dissolution—precipitation mechanism because
XRD revealed the formation of mullite at 1550 °C. The forma-
tion of mullite through a transitory glassy phase is related with a
high volume increase. It is believed that this volume increase
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Fig. 4. Creep curves of: (a) A and (b) AZS at 1300 °C.

due to the formation of mullite introduces residual stresses
at alumina grain boundaries. During cooling these residual
stresses are maintained and even increased due to the differ-
ent thermal expansion coefficients of alumina with aaj,0, =
9.0 x 107¢°C~1,2425 mullite with arvuniee =5.1 x 1076 °C~126
and tetragonal zirconia with &;.z;0, = 16 x 107°°C~1.27 When
heating up to 1200 °C, a part of these residual stresses still exists
and thus the stress exponent at 1200 °C is similar to the stress
exponent of pure mullite (1.2).° Thus, it may be concluded that
the small quantity of mullite nanoparticles is controlling the
creep behaviour of AZS at 1200 °C and as a consequence lat-
tice diffusion (Nabarro—Herring) is the controlling mechanism
in this composite at this temperature. At 1300 °C the residual
stresses are removed and an equilibrium between mullite and
tetragonal zirconia particles is reached and, as a consequence,
the creep behaviours of A and AZS at low stresses are very sim-
ilar. At 1400 °C the values of n for both materials, A and AZS,
are raised. These values are overestimated. This overestimation
becomes obvious in Fig. 7(a and b), where the strain rate is rep-
resented as a function of time. At 1400 °C and with high-applied
stresses the curves are still in the primary creep region, meaning
that the steady state is not reached and thus the calculated strain
rates cannot be considered as steady-state creep rates.

Fig. 8(a and b) shows the relationship of the steady-state
creep rate & and the reciprocal of the absolute temperature 1/T
in a logé — 1/T plot for A and AZS, respectively. The used
stresses for the determination of the activation energies Q were
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Fig. 5. Strain rate evolution vs. time for: (a) A and (b) AZS at 1300°C.

50 and 70 MPa for A, while for AZS stresses of 70 and 100 MPa
were applied. The temperature range was 1200—1400 °C for both
materials. For A with an applied stress of 50 MPa the activation
energy was 517 kJ/mol, whereas for an applied stress of 70 MPa
the calculated activation energy was 527 kJ/mol. AZS has an
activation energy Q of 692 kJ/mol for an applied stress of 70 MPa
and 736 kJ/mol for an applied stress of 100 MPa.

In Fig. 6 two regions can be clearly discriminated, a region
where no specimen fracture occurs for the time interval 0—-65h
or stress interval 0—2.5% and the other region where specimen
fracture occurs. The latter one is called slow crack growth region.

1,00E-5 - :
¢ 1200°C 20MPa A -
e 1300°C AZS —
O
~ 1,00E-6| 4 1400°C | :
P n=1,67 .
= oA §
Y] 150MPa
® 1,00E-7| n=1,76 *
-4 Slow crack
= growth
'E n=1,53
£ 1,00E-8| n=1,46 1oumra 200!‘“’8
1,00E-9 10 100 1000

Stress (MPa)

Fig. 6. Steady-state creep rate vs. applied stress for A and AZS.
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Fig. 7. Strain rate evolution vs. time for: (a) A and (b) AZS at 1400 °C.

Both regions can be clearly separated by a straight line for both
materials, A and AZS. This line is given by pairs of critical
stress and the corresponding critical strain rate for the tempera-
tures 1200, 1300 and 1400 °C, respectively. For A this slow crack
growth region can be defined by the following values: 1200 °C,
100 MPa; 1300°C, 80 MPa; 1400 °C, 70 MPa and their corre-
sponding strain rates. Between these three points a straight line
can be drawn in the log strain rate-log applied stress, mark-
ing clearly the slow crack growth region of A. For AZS, the
slow crack growth region can be defined by the following val-
ues: 1200 °C, 200 MPa; 1300 °C, 150 MPa; 1400 °C, 120 MPa
and their corresponding strain rates. For this material a straight
line can be drawn between these three points also, clearly sep-
arating the slow crack growth region for AZS. Fig. 6 shows
clearly that the slow crack region is shifted nearly twice con-
cerning the applied stresses in the considered temperature range
1200-1400 °C.

The calculated activation energies for A were 517 and
527 kJ/mol for an applied stress of 50 and 70 MPa, respectively
(Fig. 8(a and b)). The activation energy for AI’** grain bound-
ary diffusion is 420 kJ/mol, whereas for AI3* lattice diffusion
the activation energy is 578 kJ/mol.!!-1* Comparing these val-
ues with the measured values, it is supposed that both, Al
grain boundary diffusion and AIP* lattice diffusion are active
in the measured temperature range 1200-1400 °C. Cannon and
Coble'* obtained a similar result for Mg-doped Al,O3 with grain
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Fig. 8. Steady-state creep rate vs. reciprocal of the absolute temperature for: (a)
A and (b) AZS.

sizes in the range 1-15 pm, suggesting cation boundary control
for the fine-grained material and cation lattice control for the
larger grained materials, but with a contribution of boundary
diffusion, especially at lower temperatures. Taking into account
that the measured grain size of A was 5.9 wm and the tempera-
ture range was 12001400 °C, the results from this study agree
with these researchers and thus a combination of grain bound-
ary diffusion controlled creep and lattice diffusion controlled
creep is supposed to be the dominant creep mechanism for A.
The measured stress exponent of 1.5 at 1200 and 1300 °C for
A confirms this supposition. The calculated activation energies
for AZS were 692 and 736 kJ/mol for an applied stress of 70
and 100 MPa, respectively (Fig. 8(a and b)). These values agree
with the activation energies measured for Zr-doped Al,Os3 in
the literature. Wakai et al.'>1® measured activation energies of
670 kJ/mol for 100 ppm zirconium-doped Al,O3, 760 kJ/mol for
1000 ppm zirconium-doped Al,O3 and 750 kJ/mol for alumina
containing 20 wt% zirconia with an applied stress of 15 MPa
at the temperature range 1250-1400°C. Li et al.® reported
690 kJ/mol for 100 ppm zirconium-doped Al,O3 with an applied
stress of 50 MPa at the temperature range 1250-1400 °C. Xue
and Chen!’ obtained 728 kJ/mol for their 3 mol% ZrO,-added
alumina with an applied stress of 40 MPa at the temperature
range 1200—1350 °C. Chevalier et al.'® measured an activation
energy of 760 kJ/mol for their Al,O3—-10 vol% ZrO, composite.
Flacher et al.?%?! determined the activation energy being about
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700 kJ/mol for alumina with the additions of 5, 10 and 20 vol%
of zirconia. Clarisse et al.>> examined the creep behaviour of
a alumina—20 vol% zirconia composite and reported an activa-
tion energy of 715 kJ/mol for an applied stress of 30 MPa and
663 kJ/mol for an applied stress of 125 MPa at the temperature
range 1275-1400°C. Yoshida et al.”® measured an activa-
tion energy of 650 kJ/mol for 0.1 wt% ZrO,-doped Al,O3 and
700 kJ/mol for the composite Al,O3—-10wt% ZrO; (2.5 mol%
Y;,03) at the temperature range 1250-1400 °C for an applied
stress of 30 MPa. If these literature values are compared with
the obtained results in the present work, we can conclude that
the creep mechanism at the temperature interval 1200-1400 °C
is grain boundary sliding accommodated by grain boundary dif-
fusion, whereas at temperatures below 1200 °C accommodated
lattice diffusion is the controlling mechanism.

The differences observed in creep behaviour of AZS
nanocomposite and A can be explained as follows. A combi-
nation of grain boundary diffusion controlled creep and lattice
diffusion controlled creep is supposed to be the dominant creep
mechanism of alumina. When mullite particles are formed at
alumina grain boundaries during sintering, compressive resid-
ual stresses are introduced on the mullite particles due to the
expansive formation of mullite via a dissolution—precipitation
mechanism. During cooling these compressive residual stresses
are reinforced because mullite has the lowest thermal expansion
coefficient of the three phases: alumina, tetragonal zirconia and
mullite. Subsequent heating up to 1200 °C removes only a part of
the introduced residual compressive stresses and thus sliding of
alumina grains will be only possible if mullite nanoparticles are
deformed. The high activation energy necessary to deform these
mullite nanoparticles as well as the strong influence that nano-
sizes have on all thermally activated mechanisms (no defects
present in nanoparticles) is very well known. As a consequence
lattice diffusion controlled creep will be the dominant creep
mechanism for AZS at 1200 °C. Athigher temperatures the com-
pressive stresses on mullite particles are completely removed
and now the tetragonal zirconia particles are under compressive
stresses. Thus, the dominant creep mechanism is grain boundary
sliding accommodated by grain boundary diffusion.

In Fig. 8(a and b) it can be seen that at 1200 °C the strain
rate of AZS is lower than the corresponding to A, at 1300 °C
both samples have similar strain rates and at 1400 °C the strain
rate of AZS is higher than the one corresponding to A. In order
to compare these results, the differences in grain sizes of both
materials have to be considered.

For lattice diffusion controlled creep, the grain size exponent
p is 2 and for grain boundary diffusion controlled creep the
grain size exponent is 3.2 The creep rates of the sample AZS
have been normalised with the grain size exponent 2, assuming
that the dominant creep mechanism for AZS is lattice diffusion
(Nabarro—Herring). Thus, a normalised strain rate for AZS énazs
can be defined, taking into account the differences in grain sizes
for A and AZS:

. 1
EnAZS =

P
. , 5
dn/dnzs dAZS> EAZS (5

where épazs is the measured creep rate for AZS, da the mean
grain size of alumina and dazs is the mean grain size of AZS.
With a mean grain size of 5.9 um for A and 1.88 um for AZS
the normalised strain rate for AZS is calculated. The results of
this normalisation for a grain size exponent of 2 are shown in
Fig. 9. It can be observed that the strain rate of A is lowered by
approximately two orders of magnitude.

Summarizing, it is supposed that the creep behaviour of AZS
is controlled by the small quantity of tetragonal zirconia and
mullite nanoparticles located at grain boundaries of alumina.
The calculated stress exponents and the activation energy lead
to the supposition that the dominant creep mechanism for AZS is
lattice diffusion (Nabarro—Herring) at temperatures lower than
1200°C and grain boundary sliding accommodated by grain
boundary diffusion in the temperature range 1200-1400 °C. It
is assumed that this behaviour is affected by the thermal stresses
introduced during sintering due to the very expansive formation
of mullite particles via a dissolution—precipitation mechanism. !
The compressive residual stresses on the mullite particles are
increased during cooling due to the different thermal expan-
sion coefficients of alumina, tetragonal zirconia and mullite. It
is believed that during the subsequent heating up to 1200 °C
these compressive residual stresses are partly relaxed, but are
still present and thus the dominating creep mechanism is lattice
diffusion (Nabarro—Herring). At 1300 °C they are completely
relaxed and the dominant creep mechanism is grain boundary
sliding accommodated by grain boundary diffusion.

The slow crack growth region for both materials is limited
by a maximum stress and the corresponding strain rate for the
temperatures 1200, 1300 and 1400 °C. The creep region can be
characterised by uniform values of stress exponent, activation
energy and low strain rates, while the slow crack growth region
is characterised by slow crack growth and finally catastrophic
failure in a brittle manner. To avoid the risk of catastrophic fail-
ure of A and AZS at high temperatures, the range of stresses
and temperatures at which deformation occurs by accommo-
dated creep and not by creep damage or slow crack growth has
to be determined. For A this slow crack growth region can be
defined by the following values: 1200 °C, 100 MPa; 1300 °C,
80 MPa; 1400 °C, 70 MPa, whereas for AZS the following val-
ues were determined: 1200 °C, 200 MPa; 1300°C, 150 MPa;

1,00E-6
70MPa
p=2
1,00E-7
1,00E-8

Strain Rate (s-1)

1,00E-9 | [¢ a
AAZS

100OE-105; ™60 6.2 64 66 68 7

1/T x 10E-4 (1/K)

Fig. 9. Normalised creep rates with p=2 for A and AZS.
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1400 °C, 120 MPa. This means that the slow crack growth region
is shifted nearly twice concerning the applied stress for the con-
sidered temperature range 1200-1400 °C. These differences can
be explained taking into account the phase evolution of AZS
during sintering! and the thermal expansion coefficients of alu-
mina, tetragonal zirconia and mullite. Apart from alumina, no
crystalline phase is observed up to 1000 °C. At this temper-
ature the crystallisation of tetragonal zirconia begins and at
1550 °C mullite is formed. The formation of mullite through
a transitory glassy phase is related with a high volume increase.
The differential shrinkage curve of AZS confirmed this result
because a sudden increase of the densification rate of AZS
is observed for the temperature range 1580-1630°C.! It is
believed that this volume increase due to the formation of mullite
introduces stresses at alumina grain boundaries. During cool-
ing these introduced stresses increase due to the differences of
the thermal expansion coefficients of alumina with oa,0, =
9.0 x 1079 K~1,2%25 mullite with apupie=5.1 x 1070 K126
and tetragonal zirconia with o.7,0, = 16 X 107° K127 These
differences cause the increase of the residual compression
stresses of the mullite particles at room temperature. During
heating up to 1200 °C, part of these stresses is removed due
to the differences of thermal expansion coefficients mentioned
before, but now acting in an inverse manner. The stresses are not
removed completely so that the mullite particles are responsible
for the creep behaviour of AZS at 1200 °C. This is reflected in
a stress exponent of 1.2 and in a higher threshold stress for the
appearance of slow crack growth. At 1300 °C the compressive
stresses on mullite particles are completely removed and now
the tetragonal zirconia particles are under compressive stresses.
As a consequence, they are responsible for the creep and slow
crack growth behaviour at 1300 °C.

The introduced stresses at alumina grain boundaries and the
very homogenous microstructure of AZS are considered to be
responsible for the dramatic improvement of the safety work-
ing conditions of alumina. The line separating the slow crack
growth region and the creep region is shifted nearly twice con-
cerning the applied stresses at the considered temperature range
1200-1400 °C.

4. Conclusions

The colloidal processing route used in this study leads to a
very homogeneous microstructure with tetragonal zirconia and
mullite nanoparticles located at nearly 100% of all triple points
and alumina grain boundaries. Tetragonal zirconia and mul-
lite nanoparticles are formed during sintering at alumina grain
boundaries. The formation of mullite through a transitory glassy
phase via a dissolution—precipitation mechanism is related to
a high volume increase and, as a consequence, a homogenous
residual stress field is introduced at grain boundaries.

The presence of these zirconia and mullite nanoparticles
changes completely the deformation mechanisms in this com-
posite compared to those operating in pure alumina. At 1200 °C
sliding of alumina grains is blocked by the presence of mul-
lite nanoparticles because the compressive residual stresses
introduced during sintering are not removed completely at

1200°C. As a consequence, the creep mechanism operating
at this temperature is lattice diffusion controlled creep. At
higher temperatures the compressive stresses on mullite par-
ticles are completely removed and now the tetragonal zirconia
particles are under compressive stresses. Thus, the dominant
creep mechanism is grain boundary sliding accommodated by
grain boundary diffusion. The homogenous residual stress field
introduced during sintering due to the formation of mullite via
a dissolution—precipitation mechanism and the change of the
stress state during heating due to the different thermal expan-
sion coefficients of alumina, tetragonal zirconia and mullite have
a strong effect on the threshold for the appearance of slow
crack growth at high temperatures. A dramatic improvement
of the safety working conditions of alumina is achieved. The
line in the logarithmic strain rate versus stress plot, separating
the slow crack growth and the creep region, is shifted nearly
twice concerning the applied stresses at the temperature range
1200-1400 °C.
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