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Abstract

The creep properties of wet-processed 3 mol% yttria-stabilized tetragonal zirconia (YTZP)–nickel cermets have been studied for
metal concentrations of 20 and 40 vol.% (below and above, respectively, the percolation threshold). Compressive creep tests were
performed at constant load at temperatures ranging from 950 to 1250 �C and under stresses between 5 and 100 MPa. The experi-

mental results have been correlated with microstructural observations by scanning and transmission electron microscopy. Similar
values of the stress exponent n and the activation energy for flow Q were found for the two metal contents studied. Both creep
parameters decrease when increasing the stress and/or the temperature. This trend is similar to that exhibited by high-purity
monolithic YTZP, indicating that the overall creep behavior of the composites is primarily controlled by the matrix phase. The

strain rate of 40 vol.% Ni cermet is one order of magnitude higher than that of 20 vol.% Ni cermet. The mechanical properties of
the composites is discussed in terms of a creep model for two-phase materials.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last few years, materials formed by a ceramic
matrix with a metallic phase (‘‘cermets’’) have received
increasing attention because of their singular mechan-
ical, electrical and magnetic properties. These compo-
sites have been proposed as excellent candidates for
structural and high added-value functional applications
related to aerospace industry, energy conversion, sen-
sors and transductors.1,2 In particular, the zirconia/
nickel system is of interest for temperature and flow
sensors, and especially as super-thermal protectors for
gas turbines and supersonic propulsion systems of
spacecrafts.3 It is currently used as anode configurations
for solid oxide fuel cells (SOFC).4

Zirconia/nickel composites have a good compatibility
because of their similar thermal expansion coefficients
and elastic moduli; also, the melting temperature of
nickel (1455 �C) is above the sintering temperature of
zirconia. The electrical behavior of wet-processed tetra-
gonal zirconia/nickel composites have been recently
characterized by complex impedance measurements as a
function of the nickel content.5 It was found that the
percolation threshold appeared at a critical value of 0.34
vol.% Ni; the dielectric constant reached a value as high
as 1000 at this metal concentration. The percolation
threshold for the zirconia/nickel system is much higher
than the limit predicted by the classic percolation theory
for disordered systems (0.16 vol.%).6 The existence of a
first-neighbor ordering between nickel particles was
suggested by the authors.5

In order to take full advantage of these properties for
potential applications, it is essential to characterize the
mechanical behavior of the zirconia/nickel system.
However, only one study has explored the mechanical
behavior of these cermets at room temperature,7 and
there are no data at elevated temperatures. At room
temperature, a decrease in flexural and tensile resis-
tance, and in toughness, was found when increasing
nickel content. The progressive loss of mechanical per-
formance with metal concentration was attributed to
the weak bond between nickel particles and zirconia
grains.7

The main objective of the present work is therefore to
investigate the high-temperature plastic deformation of
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wet-processed zirconia/nickel cermets. The mechanical
behavior was evaluated at two metal contents below
and above the percolation limit, and comparisons made
with the monolithic constituents.
2. Experimental procedure

2.1. Material fabrication

The materials used in this study, supplied by the
ICMM (Instituto de Ciencia de Materiales, Madrid,
Spain), were fabricated by a wet process described in
detail elsewhere.8 A mixture of powders was used as the
starting material: 3 mol% Y2O3-stabilized ZrO2 (YTZP)
with >99.98% purity, and nickel powder with >99.9%
purity and average particle size of 400 nm. However,
metallic particles formed welded aggregates of larger
size (�1 mm), which controlled their final rheological
behavior.
Stable aqueous suspensions of YTZP and Ni, with 70

wt.% solids loading, were prepared with relative nickel
concentrations of 20 and 40% in volume (labeled Ni20
and Ni40 in the following for the sake of brevity). The
mixtures were milled with zirconia balls for 24 h and
then hot dried at 90 �C. Finally, the powders were iso-
statically pressed at 200 MPa. The resulting bars were
fired in reductor atmosphere (90% Ar/10% H2) in two
steps: first, at 500 �C for 2 h in order to reduce the NiO
present in the surface of the starting nickel particles;
second, at 1400 �C for 2 h for final sintering. The heat-
ing/cooling rate was kept at 600 �C/h. Monolithic
YTZP was synthesized by the same technique for com-
parison. The bulk densities of the composites, measured
by Archimedes’ method, were about 90% of the respec-
tive theoretical values.

2.2. Mechanical tests and microstructural observations

Rectangular specimens of 4�3�3 mm3 in size were
cut from the as-received materials for mechanical tests.
Compressive experiments were carried out in argon
atmosphere at temperatures T between 950 and 1250 �C
under constant load in a creep machine, at nominal
stresses s ranging from 5 to 100 MPa. Deformation was
continuously monitored during the test using an
extensometer. The recorded data, variation of the spe-
cimen length vs. time, were plotted as log "

:
–" curves

(creep curves), where "
:
and " are the strain rate and the

true strain, respectively. Creep curves were analyzed
using the standard high-temperature power law for
steady-state deformation:9

"
:
¼ A � �n � d�p � exp �Q=RTð Þ ð1Þ

where A is a constant, n the stress exponent, p the grain
size exponent, Q the activation energy for flow and R
the gas constant. Stress and temperature changes were
performed during a creep test in order to deduce the
values of n and Q, respectively, which depend on the
details of the deformation mechanism.
The microstructural characterization of the as-

received and deformed composites was carried out using
scanning electron microscopy (SEM, Microscopy Ser-
vice, University of Sevilla, Spain). To this end, sections
were cut from the samples (parallel to the load axis in
the case of strained specimens) and mechanically
polished finishing with diamond paste of 1 mm-grade.
The sections were then thermally etched at 1250 �C for
30 min in reductor atmosphere (90% Ar/10% H2). The
morphological parameters of the different phases were
characterized by using a semiautomatic image analyzer.
The microstructure of the samples was also examined by
transmission electron microscopy (TEM). Thin foils
were obtained following a classical procedure of grind-
ing and ion thinning of sliced sections.
3. Experimental results

3.1. Microstructure of as-received materials

Fig. 1 shows SEM micrographs of Ni20 and Ni40
composites. Metallic particles (bright phase) are homo-
geneously distributed throughout the zirconia matrix
(dark phase). As can be seen, nickel particles are well
isolated from each other in Ni20 (Fig. 1a), whereas
some contact between neighbor particles can be found
in Ni40 (Fig. 1b). This fact agrees with results of elec-
trical measurements in the same composites,5 which set
the percolation limit for a nickel content of 34 vol.%.
Metal particles are almost spherical, with an average
grain size dNi (taken as the equivalent planar diameter
d=[4(grain area)/�)1/2]) of 0.8	0.1 mm in Ni20 and
1.1	0.1 mm in Ni40. The slight difference between both
values is probably due to the overlapping between the
individual nickel particles in the Ni40 cermet, which
makes the size measurements difficult.
The thermal etching used to reveal the microstructure

is responsible for the growth by evaporation of the
metallic particles placed on the polished surfaces
(Fig. 1), giving an apparent porosity higher than the
true one. Pores are systematically associated with nickel
particles, and smaller in size. This pore distribution is
not due, however, to thermal etching because the same
distribution was observed on non thermal-etched
polished samples.
On the other hand, the zirconia matrix (Fig. 2) exhi-

bits equiaxed grains with an average grain size
dYTZP=0.13	0.01 mm for both YTZP/Ni composites.
The same morphology was found in monolithic TZP
processed by the same route than the cermets, except for
a larger grain size (0.22	0.01 mm). It is known that the
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addition of secondary phases to ceramic materials
usually reduces the grain growth.10�12

TEM observations (Fig. 3) showed the absence of
dislocations and other kind of defects in the zirconia
grains and metal inclusions, though these latter ones
were occasionally twinned. Clean YTZP–Ni and
YTZP–YTZP grain boundaries were observed in all the
cases (at least up to maximum TEM resolution used,
�115k). This result shows the high quality of the fabri-
cation process, that reduces completely the oxide layer
of the original metal particles.

3.2. High temperature mechanical behavior

Fig. 4 shows the log "
:
–" curves for Ni20 (Fig. 4a) and

Ni40 (Fig. 4b) composites obtained at 1200–1250 �C
under stresses between 3 and 14 MPa. A prominent
transient creep appears upon the first loading (probably
due to a densification process), followed by steady-state
stages characterized by an almost constant slope. No
evidence of specimen failure was found at the strains
studied ("�45%).
The stress exponent n and the activation energy Q

were determined by changing � or T during the tests
(Fig. 4). The maintenance of the strain rate levels after
positive and negative temperature changes indicates that
no grain growth took place during deformation. Aver-
age values of n=4.0	0.4 and Q=610	20 kJ/mol
where found for Ni20 (Fig. 4a). Similar results
(n=3.9	0.1 and Q=640	50 kJ/mol) where estimated
for Ni40 tested under identical experimental conditions
(Fig. 4b). The values of n are in rough agreement with
the slopes of the log "

:
–" curves, indicating a rather

homogeneous deformation of the specimens.13 Regard-
ing the absolute values of the strain rate, Ni40 is faster
in more than one order of magnitude than Ni20.
Fig. 5 shows the creep curve for Ni20 deformed at

1200–1250 �C and larger stresses (32–66 MPa). The
creep parameters are n=2.8	0.3 and Q=490	50 kJ/
mol, smaller than those found at lower stresses (Fig. 4a).
Intermediate values (n=3.5	0.2, Q=550	30 kJ/mol)
were estimated at stresses between 15 and 25 MPa at the
same temperatures. This trend (i.e. both n and Q
decrease with increasing the stress at a given tempera-
ture) was also observed in Ni40 composites.
In order to study the dependence of the creep para-

meters with temperature, mechanical tests were per-
formed at lower temperatures. Again the stress
exponent and the activation energy increased with
Fig. 2. SEM micrograph of Ni20 showing the fine-grained micro-

structure of the zirconia matrix.
Fig. 1. SEM micrographs of as-received Ni20 (a) and Ni40 (b) com-

posites. Nickel particles (bright phase) are homogeneously distributed

throughout the YTZP matrix. Some overlapping between neighbor

nickel particles occurs in Ni40.

Fig. 3. TEM micrograph showing a nickel particle surrounded by

zirconia grains.
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respect to the values found at higher temperatures under
similar stresses. For example, values of n=4.9	0.4 and
Q=670	30 kJ/mol were estimated for Ni40 between
1150 and 1200 �C at intermediate stresses (13–22 MPa).
Because of the enhanced plasticity of the cermets,

especially in Ni40, relatively fast strain rates were found
even at temperatures as low as 1000 �C. Fig. 6 displays a
creep curve for Ni40 between 1050 and 950 �C strained
up to "=50%; strain rates are typically about 10�5 s�1

under these experimental conditions. It should be noted
that no creep data for zirconia-based ceramics have
been reported at temperatures below about 1100 �C.
Regarding the creep parameters, it was found that
n=2.5	0.1 and Q=640	30 kJ/mol.
3.3. Microstructure after deformation

The microstructure of the composites was investigated
after deformation, looking for modifications in grain
features and for the presence of dislocations and other
defects. Fig. 7 shows the microstructure of the Ni20
(Fig. 7a) and Ni40 (Fig. 7b) composites deformed at
1200–1250 �C and low stresses to a final strain "=45%
(Fig. 4). Grain size and shape measurements of the zir-
conia grains indicate that no changes occurred during
deformation. In contrast, nickel particles acquired an
acicular shape with the major diameter perpendicular to
the direction of the applied stress, though keeping the
same particle size (i.e. the same particle area). By mea-
Fig. 4. Creep curves plotted as log "
:
vs " at 1200–1250 �C and low stresses for Ni20 (a) and Ni40 (b). Several determinations of the stress exponent n

and the activation energy Q by stress and temperature changes are shown.
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suring the maximum and minimum diameters, an aver-
age particle deformation of about 35% was estimated.
Similar results were found at the other experimental
conditions studied.
TEM observations of deformed samples showed the

same features indicated previously for the as-received
materials: both phases were free of dislocations, twin-
ning of the nickel particles in the same proportion than
prior to deformation, and absence of secondary phases
along the grain boundaries.
4. Discussion

In order to elucidate the deformation mechanisms
operating in the composites, it is necessary to discuss
previously the creep behavior of the starting monolithic
materials, YTZP and Ni. Tetragonal zirconia poly-
crystals exhibit superplasticity (i.e., reach E>100%
before failure) at high temperatures (1250–1500 �C);
grain boundary sliding has been recognized as the pri-
mary deformation mechanism. Reviews of creep data in
this material10,14�16 have shown a strong dependence
with the impurity content. For low-purity materials
(residual impurity content above about 0.1 wt.%), a
single rate-controlling mechanism exists over the entire
stress and temperature ranges, characterized by n=2
and Q=460 kJ/mol; these values are compatible with
grain boundary sliding accommodated by lattice diffu-
sion of cations.10,13 In contrast, high-purity materials
(residual impurity content below 0.1 wt.%) exhibit a
complex behavior: n and Q increase continuously from 2
and 460 kJ/mol, respectively, up to 5 and 700 kJ/mol
when decreasing the stress and/or the temperature; a
further change towards n=1 was found at the lowest
stresses studied. Such an evolution of the creep para-
meters was interpreted in terms of a single deformation
process that incorporates a threshold stress, below
which grain boundary sliding does not contribute to
strain.10,13 A few compressive creep tests were conducted
at 1250 �C on monolithic zirconia fabricated by the
same technique as the cermets. The strain rates fall over
the ‘‘high-purity’’ behavior (Fig. 8), as could be expected
from the high purity of the starting zirconia powder.
On the other hand, creep data for monolithic poly-

crystalline nickel19 show that, in the experimental con-
ditions used in this work (�=1–100 MPa, T=1000–
1250 �C and d�1 mm, corresponding to the size of the
metallic particles in the cermets), the creep parameters
are n=1 and Q=115 kJ/mol. Such values were asso-
ciated with a diffusional flow mechanism controlled by
boundary diffusion (Coble creep). There is a transition
towards n �5 and Q=280 kJ/mol as the stress and/or
the temperature increase due to the activation of a dis-
location recovery-controlled creep mechanism. In any
case, typical strain rates are above 10�2 s�1, significantly
higher than those of monolithic zirconia.
The values of n and Q found in YTZP/Ni composites

are similar to those noted above for high-purity mono-
lithic zirconia, and follow the same complex trend with
stress and temperature. This result, along with the
independence of n and Q with nickel content (Fig. 4),
suggests that the high-temperature plastic deformation
of the cermets is controlled primarily by the zirconia
matrix, which still retains its ‘‘high-purity’’ behavior
despite the metal addition. This agrees with TEM
observations regarding the absence of secondary phases
along grain boundaries.
Fig. 5. Log "
:
vs " curve for Ni20 at 1200–1250 �C and high stresses.
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The overall strain rates of the composites fall in
between those of monolithic zirconia and monolithic
nickel, and they depend on nickel content. Fig. 8 dis-
plays the variation of grain size-compensated "

:
with s

at 1250 �C for monolithic YTZP and Ni20 and Ni40
composites. Because of the difference in grain size, the
deformation rates have been corrected with d by
assuming that zirconia is the rate-controlling phase in
the composites; a value of p=210 has been used in Eq.
(1) for such a normalization. As can be seen, the strain
rate of Ni20 is about twice as much as that of mono-
lithic zirconia, increasing up to a factor of 30 for Ni40.
Creep data for high-purity YTZP at temperatures

below 1250 �C are very scarce and show a large disper-
sion,20 that make difficult the comparison with the cer-
mets. The most remarkable result at these low
temperatures is the relatively large ductility exhibited by
the cermets, even at 950 �C (Fig. 6), without evidence of
internal failure.
French et al. 21 have developed a creep model for

duplex microstructures by assuming that the strain and
the strain rate (isostrain configuration) or the stress
(isostress configuration) are the same for each phase.
The flow of each phase and that of the composite
material is defined by its own constitutive creep equa-
tion [Eq. 1]. Because of the large difference in deforma-
tion rates of the two constituent monoliths, this model
predicts that the composite strain rate will be controlled
by the soft phase (nickel) for the isostress case and by
the hard phase (YTZP) for the isostrain case. The first
condition can be ruled out in this study since the creep
parameters n and Q in the composites, as well as the
absolute values of the strain rate, are very different of
those reported in nickel.
For the isostrain configuration, the overall composite
stress �c is given by the relation:

21

�c ¼ VYTZP�YTZP þ VNi�Ni ð2Þ

where V is the volume fraction and � the stress sup-
ported by each phase in the composite. Following the
previous reasoning, this expression can be simplified to:

�c ffi VYTZP�YTZP ð3Þ

indicating that the stress supported by the zirconia
phase �YTZP in the composite would be higher
(VYTZP=0.8 in Ni20 and 0.6 in Ni40) than the applied
stress �c, and increases with increasing the metal con-
tent. From Eq. (3), and by taking n=3–4 (at 1250 �C,
Figs. 4 and 5), the overall composite creep rate is pre-
dicted to be "

:
c ffi 2"

:
YTZP for Ni20 and ffi 7"

:
YTZP for

Ni40, with "
:
YTZP the strain rate of monolithic zirconia.

The first result reproduces correctly the increase in
deformation rate found experimentally in Ni20, but the
second one is lower than the enhancement factor
obtained in Ni40 (Fig. 8).
The isostrain model is consistent with the micro-

structural features observed in deformed samples. This
configuration assumes that both phases undergo the
same deformation, and equals the specimen strain. As
noted above, zirconia grains easily slide on each other
along their grain boundaries, giving large macroscopic
strains without significant microstructural changes. On
the other hand, the lack of dislocation activity within
the metal particles is consistent with the Coble creep
mechanism proposed for nickel.19 Furthermore, this
model predicts that the individual particles will suffer
approximately the same strain as that of the specimen as
a whole. Such an elongation of the metal inclusions has
Fig. 6. Log "
:
vs " curve for Ni40 deformed between 1050 and 950 �C under high stresses. Relatively high strain rates were found at these low

temperatures.
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been systematically observed in the strained composites
(Fig. 7); the average deformation of the nickel phase
(�35%) roughly agrees with the sample deformation
(�45%).
It can be concluded that nickel additions to zirconia

promote an increase in creep rate due to the reduction
of the effective surface that supports load. The isostrain
model accounts for both the mechanical and micro-
structural features observed in Ni20 composites, where
the zirconia grains form a continuous skeleton that
completely surrounds the individual nickel particles and
thus being capable of supporting load. In this regard, it
seems that clean zirconia/nickel interfaces are unlikely
to play any role in the high-temperature mechanical
properties of the composites, as was also concluded at
room temperature.7 The breakdown of the analysis
based on the isostrain series elements in Ni40 compo-
sites can be explained taking into account the over-
lapping of the metal particles at this nickel
concentration, which exceeds the percolation threshold.
The interconnection of the softer phase may act as local
short-circuits for deformation, leading to average creep
rates faster than those predicted by the simple isostrain
model. This point is presently the subject of further
investigation.
5. Conclusions

The high-temperature mechanical properties of wet-
processed YTZP/Ni composites with nickel contents of
20 and 40 vol.% have been investigated under com-
pression at constant load in the temperature range 950–
1250 �C. The composites consist of large nickel inclu-
sions (1 mm in size) uniformly distributed throughout a
fine-grained zirconia matrix (0.13 mm in size).
The stress exponent n and the activation energy for

flow Q are similar for both metal concentrations and
display the variation observed in high-purity monolithic
zirconia, indicating that the ceramic matrix controls the
creep behavior of the composites. Metal addition results
in large ductilities even at temperatures as low as 950 �C.
A simple isostrain creep model for duplex micro-
structures predicts correctly the creep rate and micro-
structural features observed in Ni20 composites.
However, it fails to account for the deformation rate in
Ni40 composites. The overlapping between individual
nickel particles at this metal concentration, greater than
the percolation threshold, may be responsible for the
discrepancies. Clean zirconia/nickel interfaces do not
seem to play any role in the mechanical behavior of the
composites.
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Fig. 8. Variation of grain size-compensated strain rate with stress at

1250 �C for high-purity monolithic zirconia reported in the litera-

ture,17,18 along with the results obtained in this work in Ni20 and Ni40

composites and monolithic YTZP.
Fig. 7. SEM micrographs of Ni20 (a) and Ni40 (b) cermets strained

up to "=45% (Fig. 4). Loading axis is vertical. Nickel particles have a

disk-like shape with the maximum diameter perpendicular to the

applied stress.
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10. Jiménez-Melendo, M., Domı́nguez-Rodrı́guez, A. and

Bravo-León, A., Superplastic flow of fine-grained yttria-

stabilized zirconia polycrystals: constitutive equation and

dformation mechanisms. J. Am. Ceram. Soc., 1998, 81(11),

2761–2776.

11. French, F. D., Harmer, M. P., Chan, H. M. and Miller, G. A.,
Coarsening-resistant dual-phase interpenetrating microstructures.

J. Am. Ceram. Soc., 1990, 73(8), 2508–2510.

12. Lange, F. and Hirlinger, M., Grain growth in two-phase cera-

mics: Al2O3 Inclusions in ZrO2. J. Am. Ceram. Soc., 1987, 70(11),

827–830.
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