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Abstract 

High temperature creep of two zirconia toughened 
alumina ceramics, fabricated by powder processing 
and sol-gel precursors processing, has been studied 
in order to determine plastic deformation mecha- 
nisms. Compressive creep tests were carried out 
between 1300 and 145O”C, under stresses from IO to 
I50 MPa. For the sample fabricated from powders, 
a stress exponent of 1.4 and an activation energy of 
580 kJ/mol were found below a critical stress of 40 
MPa. For larger stresses, accelerated creep rates 
developed. In the specimens processed from precur- 

sors, values of 1.8 for the stress exponent and 540 
kJ/mol for the activation energy, over the entire 
range of stresses have been determined. Creep 
parameters and microstructural evolution of the sam- 
ples during the experiments have been correlated with 
models to establish the dominant creep mechanism. 

Introduction 

ZrO, has a very high fracture toughness and its 
addition to other ceramics, zirconia toughened 
ceramics (ZTC), has many advantages.’ In the last 
eighteen years, a number of investigations of the 
mechanical and microstructural features of ZTCs, 
in particular in the system A&O,-ZrO,, also called 
zirconia toughened alumina, ZTA, have been per- 
formed.2.3 The major application of ZTAs has 
been metal cutting tools.4 

Available results on mechanical properties of 
ZTA are mainly on fracture, strength, and elastic- 
ity. All properties show a strong dependence on 
the volume fraction of each component, on the 
ratio of tetragonal and monoclinic zirconia, 
well as on zirconia grain size (GS). The review 
Green et a1.,5 summarizes most of these results. 

Fracture studies3 on ZTA, have shown an 

increase in K,, (up to 10 MPa.mi’2) with increasing 
zirconia volume fraction, in particular for small 
grain sizes (< 1 pm). These authors have claimed 
that the total increment in fracture toughness is a 
combination of transformation and microcrack 
mechanisms of toughening. The first is only possi- 
ble if t-ZrO, particles are present, and the second 
actuates if zirconia particles at the grain bound- 
aries are transformed to monoclinic by cooling 
down from the sintering temperature. 

In some cases, microcracking resulted in a 
reduction of strength which is particularly delete- 
rious for large zirconia GS, and volume percent- 
ages.6 To avoid flaws, some researchers have 
HIP-ed sintered samples6 and obtained improved 
strength, in particular for t-ZrO,. Some improve- 
ment in flexural strength has been also reported 
for volume percentages of mainly t-ZrO, up to 
lo%.’ Other authors have studied the retained 
strength after thermal shock.’ A sharp decrease in 
this parameter occurs if samples are heated over 
the phase transformation temperature and then 
cooled down. Both room-temperature Vickers 
hardness, and Young’s modulus decrease with 
increasing zirconia content, in particular, in 
specimens with high microcracking activity.8 

In this study our objective is to obtain knowl- 
edge on plastic deformation mechanisms in com- 
posite systems, as well as on the microstructural 
effects of creep. Only a few high-temperature me- 
chanical properties data are available. Due to such 
lack of data, we will compare our results with 
related materials, like monolithic Al,O, or Zr02. 

Experimental Techniques 

(a) Material 
Creep of two polycrystalline ZTA ceramics with 
94.5 ~01% of Al203 and 5.5 ~01% of ZrO, has been 
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studied. In one case, processing was conducted by 
wet mixing of powder raw materials and disper- 
sants. The alumina was in the form of a-A&O3 
and the zirconia powder was of high purity 
(99.995%), in the form of monoclinic m-ZrO,, 
with a typical particle size of 0.5 pm. Densifica- 
tion took place after drying by uniaxial hot-press- 
ing, at 1600°C achieving full density. This type of 
material will be called pd-ZTA. 

In the other materials, the processing was car- 
ried out by a sol-gel technique using an A&O3 
solution and a ZrO, precursor, which should 
result in a better mixing of components. After 
calcination, screening and drying, uniaxial hot- 
pressing was performed at 16OO”C, obtaining fully 
dense samples. Throughout this paper, this material 
will be called pc-ZTA. 

(b) Mechanical testing 
Mechanical tests have been carried out under 
compression on 3 X 3 X 5 mm3 samples, both at 
constant strain rate (CSR) of 1.7 X 10m5 s-l, and 
or constant load (CL) between 10 and 150 MPa 
(engineering stress). Temperatures ranged from 
1300 to 1450°C. All tests were performed in air. 

(c) Microstructural observations 
Polished surfaces of as-received and deformed 
samples were observed by SEM. Some were ther- 
mally etched in air at 1450°C to reveal grain mor- 
phology. Several microstructural parameters 
(zirconia distribution, GS, and shape) were stud- 
ied by means of an image analyzer. 

Other microstructural features (dislocations, 
cracks,...), have been studied by TEM in as- 
received and deformed specimens. TEM samples 
were prepared using standard techniques and were 
carbon coated before observation. 

Microstructure of As-Received Samples 

(a) ZTA prepared from powders 
ZrO, grains are homogeneously distributed 
throughout the A&O, matrix, with a typical 
log-normal distribution of GS. 20% of the total 
volume fraction of zirconia are small particles 
(~0.5 pm) and are normally embedded in large 
alumina grains having an average GS of 4.7 f 0.7 
pm, as seen by TEM (Fig. 1). Another 60% of ZrO, 
are grains between 0.5 and 7 pm diameter, located 
at grain boundaries (GB) and triple point junctions. 
Finally, the remaining 20% of ZrO, are large con- 
glomerates (~7 pm, with a maximum size of 38 pm) 
located between Al,Os grains. These conglomerates 
have a lenticular shape oriented perpendicularly to 
the hot-pressing axis (HPA) (Fig. 2). 

Fig. 1. TEM micrograph of pd-ZTA showing small zirconia 
particles. 

Fig. 2. SEM micrograph of polished pd-ZTA showing alu- 
mina GS and one of the lenticular agglomerates of zirconia 

oriented perpendicularly to the HPA axis. 

Several studies have reported similar micro- 
structures. Kibbel and Heuer,‘,” for instance, 
indicated that the presence of zirconia, enhances 
in some cases the growth of alumina usually 
resulting in small-trapped ZrO, particles. Heuer et 
al.” showed that trapp ed grains, with GS smaller 
than 0.5 pm, are mostly tetragonal, and are very 
unlikely to transform to monoclinic in a rigid 

. . 
matrix like A1,03, I2 while larger particles, normally 
placed at grain boundaries, are mainly mono- 
clinic. When the dispersion of zirconia in matrix is 
not good enough, the monoclinic particles can 
agglomerate, and form the larger particles 
reported in this and other studies.13 

The effect of the m-ZrO, along grain bound- 
aries promotes poor thermal shock resistance. 
When heated up for sintering, etching or creep- 
testing, m-particles transform to tetragonal (over 
1100°C for undoped zirconia). When cooled- 
down, they become monoclinic again, creating 
cracks, in particular around the large ZrO, parti- 
cles previously mentioned.7,8 
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microstructural analysis, the features of grain pull- 
out, and microcracking due to thermal cycling, 
were not observed as in pd-samples. The absence 
of large monoclinic zirconia grains is responsible 
for this better microstructure. The ZrO, grains are 
small enough, even if they are located at grain 
boundaries, to keep their tetragonal structure. 
Therefore, we can characterize this pc-ZTA as 
‘intra-granular tetragonal’. * 

Fig. 3. SEM micrograph of polished and etched pd-ZTA 
showing a crack inbetween zirconia grains, and significant 

pull-out, due to microcracking. 

In Fig. 3, a SEM micrograph taken on a pol- 
ished and thermally etched surface, it is easy to 
observe the formation of extensive cracks between 
the large ZrO, particles. All observations confirm 
the activity of the martensitic transformation dur- 
ing etching, and, in general, during any thermal 
cycling over the transformation temperature. 

The microstructure of the ZTA prepared by 
powder techniques is, therefore, ‘intragranular- 
tetragonal/intergranular-monoclinic’ as expected 
from all the above mentioned investigations.’ 

(b) ZTA prepared from precursors 
In these samples, ZrO, particles are also homoge- 
neously distributed through the matrix (Fig. 4). 
Nevertheless, an observed major difference com- 
pared with pd-ZTA is a much narrower log-nor- 
mal distribution of zirconia grains, with 95% of 
the total number of particles smaller than 1 pm, 
mostly embedded into the A&O, grains which 
average a GS of 2.6 f 0.3 pm. 

When the samples were polished and etched for 

Fig. 4. SEM micrograph of pc-ZTA, showing the homogeneous 
GS and distribution of zirconia particles, and alumina GS. 

Results 

Figures 5 and 6 show results of CSR tests on 
pd-ZTA and pc-ZTA. At 1300 and 1350°C the 
samples fractured after 6-7% deformation. At the 
lower temperature strain/stress plots showed 
brittle fracture for (T = 385 MPa for pd-ZTA, and 
434 MPa for pc-ZTA, while at 1350°C the sam- 
ples fracture for u = 231 MPa and 296 MPa, 
respectively, but exhibited plastic behavior. At 
14OO”C, 95 MPa was reached without fracture 
after 8% strain for the powder-processed samples. 
Some softening is detected in the final part of the 
plot, but without failure. Such behavior was also 

400 

360 

STRAIN (%) 

Fig. 5. Results of constant strain rate tests on pc-ZTA at 
different temperatures as shown. 

Fig. 6. Results of constant strain rate tests on pd-ZTA at 
different temperatures as shown. 
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Fig. 7. Steady state strain rates reached on constant load tests 
versus true stresses. 

observed in the tests performed on the precursor- 
processed samples, with a zero-work hardening 
stress of 157 MPa, in this case. At this last tem- 
perature, several CL tests were performed on diff- 
erent samples. For increasing stresses from 10 to 
150 MPa, strain rates ranged between 4 X lo-* 
and 2 X 10m5 ss’. Steady-state strain rates are plot- 
ted in Fig. 7 versus the applied stress. The effect 
of temperature on creep rate, at constant load was 
studied between 1300 and 1450°C. An Arrhenius 
plot of (In ;) versus (l/T) is shown in Fig. 8. 

All of these results are analyzed using the phe- 
nomenological equation: 

E = Ao”&‘,,,(-QlRT) 

where i is the strain rate, u is the stress, d is the 
grain size, A is a constant, and R and T have their 
usual meaning. The parameters y1 (stress exponent) 
and Q (activation energy) and p (grain size 
exponent) can be determined and correlated with 
plastic deformation mechanisms. 

For the pd-ZTA material, two regimes of defor- 
mation were detected, with a change in the stress 
exponent from 1.4 f 0.2 at low stresses, to vari- 
able values larger than two for higher stresses. 

Y 

pd-ZTA Q= 680+40 kJ/mol 

pc-LTA a= 643+-40 kJ/moT: 

3- 
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Fig. 8. Steady state strain rates reached on constant load tests 
versus (l/RT) in an Arrhenius plot. 

The critical a, is above 40 MPa. On the other 
hand, in the range of stresses studied, a constant IZ 
= 1.8 + 0.2 is measured for the pc-ZTA material. 

We have determined the activation energy, Q, 
for both materials. 580 f 60 kJ/mol is obtained for 
pd-ZTA, under 23 MPa (co-& and 540 f 40 
kJ/mol for pc-ZTA, under 25 MPa. 

However, in a complex material, like the one 
in this study, the meaning of these parameters in 
terms of creep mechanisms, is not clear without 
analyzing the microstructural evolution of the 
samples during plastic deformation. A complete 
discussion will follow. 

Microstructural analysis was performed on 
samples deformed at 14OO”C, from both CSR and 
CL tests. After the test, CSR deformed specimens 
showed extensive intergranular cracking. We can 
also see large cracks formed by coalescence of pre- 
existing cavities near ZrO, particles at grain 
boundaries (Fig. 9). After the CL experiments, we 
only observed samples deformed in the n = 
1.4-l .8 regime. Some cavities were observed. 
However they should not control plastic deforma- 
tion because it was possible to measure quasi- 
steady states of creep. A more detailed analysis of 
the role of cavitation in the creep of composite 
ceramics is out of the scope of this paper. 

Grain size and morphology of deformed sam- 
ples was studied. Neither alumina, nor zirconia 
grains appear to suffer major geometric changes. 
GS remains constant. The grains form factors, 
defined as 

FF = 4n.(area)/(perimeter)2, 

remains around 0.8 up to 20% strain. 

Discussion 

For the compression rate used, with T< 14OO”C, 

Fig. 9. Cracks formed by coalescence of cavities developed at 
the surroundings of zirconia particles at grain boundaries 

during plastic deformation. 
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the pc-ZTA samples suffer brittle fracture at 
stresses typically higher than the ones measured 
for pd-ZTA samples. For temperatures over 
1400°C both kinds of samples are plastic. 

We have specifically studied plasticity at 14OO”C, 
using a wide range of stresses. pc-ZTA specimens 
show a single deformation regime characterized by 
n = 1.8 and Q = 540 kJ/mol, while for pd-ZTA 
samples two regimes have been detected. In these 
samples, below a, = 40 MPa, approximately, the 
plastic deformation mechanisms is characterized 
by a sequence of steady states with calculated n = 
1.4 and Q = 560 kJ/mol. For u> a, values for IZ 
and Q have little meaning. This non-steady state 
regime is a consequence of coalescence of cavities 
whose origin we have not investigated and will not 
be considered in the following analysis. 

Absolute values of the strain-rate are between 2 
and 5 times faster in PC-materials than in pd-sam- 
ples, but this can be explained, in the light of eqn 
(I), by the difference in GS (4. If the i values are 
normalized for grain size differences using p = 2 
or 3, the strain rates become, within the experi- 
mental scatter, equal. Figure 10 shows such a com- 
parison for p = 2, for illustrational purposes. Also 
included in Fig. 10 is a comparison with results of 
a monolithic alumina of 3.3 ,um GS, reported in a 
previous work.14 Good concordance is found in 
the stress exponent (1.3 f 0.1) and in the activa- 
tion energy (510 f 20 kJ/mol), and in the normal- 
ized strain rates (also included in Fig. 10). The 
accord might suggest that diffusion in both ZTA 
and A&O, is extrinsically controlled. The most im- 
portant conclusion though is that no significant 
improvement in creep resistance in the steady- 
state region for either material is found. 

The unchanged form factors indicate that grain 
boundary sliding (GBS)” is the dominant mecha- 
nisms of deformation since a pure diffusion mech- 
anism requires a change of grains’ shape. 
Additionally, large cracks can nucleate from 

T=1400 ‘C A1203-Zr02(5.5%vol.) 

3 
2 SR normalized: d.* dependence (do=4.7 IO&m) 

IE-8 “I’ I 
6 E lE+l 2 4 6 8 lE+2 

STRESS (MPa) 

Fig. 10. Steady state strain rates normalized using p = 2, for a 
common grain size of 4.7 pm, for pd-ZTA, pc-ZTA and 

monoclinic alumina.15 

ZrO,-related microcracks, and will limit the utility 
of these materials over a certain critical strain (E,). 

There are two mechanisms of diffusion accom- 
modated GBS creep. l6 One is the mechanisms 
known as interface-reaction controlled (IRC) 
grain boundary sliding (with yt = 2) and the other 
is transport of matter controlled (TMC) grain 
boundary sliding (n = l), the first is more active in 
polycrystals with small grains. The creep parame- 
ter p can be either 2 or 3 in TMC creep, depend- 
ing on the path of the creep controlling diffusion 
(p = 2 for lattice diffusion and p = 3 for grain 
boundary diffusion). In IRC creep the grain size 
exponent aries from 1 to 3. Both IRC and TMC, 
have been used to describe GBS in pure alumina’6’17 
The parameter p in A&O3 was found to be between 
both theoretical extremes, 2 and 3. 

A range of n’s from 1.1 to 2, and Q values from 
410 to 568 kJ/mol has been reported in polycrys- 
talline alumina specimens.‘8 Although there is a 
general agreement that GBS is the dominant 
mechanism in A&O,, there is much controversy on 
the meaning of the measured activation energies in 
terms of controlling diffusion species. Most 
authors claim that the higher values of Q are related 
to the diffusion of 02- through the lattice, which is 
in agreement with p = 2, and has been detected in 
samples with large grain sizes (> 5 pm). On the 
other hand, the lower values of Q are claimed to 
result from grain boundary diffusion of A13’. A 
value of p = 3 is reported in these cases, usually 
found in samples with small grain sizes. However, 
comparisons are difficult because diffusion dynam- 
ics can be seriously altered by the presence of 
impurities,” and these are unknown in our samples. 
Our calculated creep parameters for ZTA, are 
consistent with the values reported for monolithic 
alumina. The values of ~1, and the microstructural 
observations, agree with the mechanism of unac- 
commodated GBS, with a mix of IRC and TMC. 
The largest values of n = 1.8, is found for the 
samples with the smallest grain size, and the lower 
n = 1.4 is found for samples with the largest grain 
size, in good agreement with predictions. The high 
values of Q found in this study support the 
control of the creep by 02-, and the lattice is very 
likely to be the path of this transport of matter. 

ZrO, agglomerates at grain boundaries are 
probably the origin of damage, and limit the 
strain to failure. The samples processed using the 
precursors technique contain less of these parti- 
cles, and even though the unaccommodated GBS 
causes the formation of cavities, the samples 
remain intact with up to 40% strain. On the other 
hand, powder processed samples, which contains 
large zirconia particles, exhibit a critical stress 
over which the samples fail. 
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Baddi et al.*’ have studied the diffusional creep 
regime in a material of symmetric composition to 
the one in our work (zirconia matrix with alumina 
inclusions) and found that at low stresses IRC- 
GBS was dominating, while a TMC-GBS was 
active for the high stress range. Their microstruc- 
tural analysis showed significant changes in the 
shape of the grains, without any cavitation. Other 
authors have proposed the same mechanisms 
(superplastic) acting in monolithic zirconia. The 
activation energy determined by Baddi and co- 
authors, also agreed with the one reported for 
monolithic zirconia In the material studied by 
Baddi et al., the dominant component is then ZrO,. 

In our materials, it appears then, that the con- 
trolling component which determines the creep 
response is the harder phase: alumina. The role of 
the ZrO, phase is important in the brittle behavior 
and probably plays a role in the damage which 
accumulates in the plastic regime. 

The better dispersion of the zirconia into the 
matrix in pc-TA, avoiding the formation of large 
intergranular monoclinic particles, results in better 
high-temperature mechanical response 

Conclusions 

It has been shown that the addition of 5.5 vol% of 
zirconia particles to an alumina matrix does not 
improve its resistance to creep. Creep takes place 
by grain boundary sliding and is accompanied by 
the formation of cavities. In the pd-samples, where 
large m-zirconia grains are present at grain bound- 
aries, the linkage of the cavitation is easier because 
the inherent microcracking present in the samples, 
and results in a limited strain to failure and in a 
critical stress over which the formation of damage 
is too severe to allow measuring steady states of 
creep. On the other hand, for pc-samples, where a 
narrower GS distribution of smaller t-ZrO, parti- 
cles has been measured, a single plastic regime of 
steady-states was detected. Cavities are also present 
in these crept samples, but the less microcracking 
activity promotes a better mechanical response. 

We may conclude that the precursors-processed 
ZTA, with less microcracking, is a better candidate 
for high temperature applications than powder-pro- 
cessed ZTA, where microcracking is introduced by 
the presence of monoclinic zirconia grains. 
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