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Abstract

The plastic behavior of cermets based on a 3mol% yttria-stabilized tetragonal zirconia matrix that incorporates nanometric nickel inclusions
(3YTZP/n-Ni), with 2.5, 5 and 10 vol.% of nickel content, has been studied by constant load tests in compression carried out in argon atmosphere.
The microstructure of these composites consists of nanometric nickel inclusions homogeneously dispersed into a fine-grained zirconia matrix (about
200 nm). The microstructural and mechanical results obtained show that the creep behavior is controlled by the zirconia matrix as in 3YTZP-based
cermets with micrometric Ni inclusions (3YTZP/w-Ni); whereas the stress exponent values are similar to those of high-purity monolithic 3YTZPs,
anomalous high values of the activation energy have been measured. The ceramic/metal interface plays a crucial role for creep properties; the
strong TZP/n-Ni interface matching can be at the origin of these high values of the activation energies for creep.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

3YTZP/Ni cermets are metallic-ceramic materials compris-
ing of nickel inclusions in a TZP matrix that are proposed
for high-value added functional applications related to spa-
tial industry, sensors applications and future energy sources.!
These applications require to work at high temperatures so it
is of importance to know their mechanical response in operat-
ing conditions. Nevertheless, the mechanical characteristics of
3YTZP/p-Ni composites are not very appropriate due to the
weak bonding between both 3YTZP and nickel phases.> The
addition of micrometric nickel particles to 3YTZP embrittles
the composites, decreasing the mechanical properties at room
temperature’ and no relevant effects on high-temperature behav-
ior have been reported. Available studies conclude that creep is
exclusively controlled by the zirconia matrix.*>

Recently, Esteban-Betegon et al.® have prepared 3YTZP/n-Ni
nanocrystalline composites by precipitation, reduction and sin-
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terization of nickel salts on zirconia powder. These composites
that have small amounts of nickel exhibit strong metal-ceramic
bonds’-® and a remarkable hardening effect.’

This work has been focused on the influence of the
metal-ceramic bonding on the plastic behavior of nanocrys-
talline zirconia—nickel composites. Three samples with different
nickel content have been studied by means of creep tests
conducted in argon atmosphere. The mechanical and microstruc-
tural results have been compared to the behavior of 3YTZP/p.-Ni
microcomposites.’

2. Experimental procedure
2.1. Processing

2.1.1. Starting materials

The following commercial powders were used: (i)
nickel(II) nitrate hexahydrate (Merck, Germany, 99.0% purity,
Ni(NO3),-6H,0) and (ii) tetragonal zirconia polycrystals
(3YTZP; 3 mol% Y,03; TZ-3YS, Tosoh Corp.), with an average
particle size of d50 =0.26 £ 0.05 um and a BET specific surface
area of 6.7 m?/g.
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Fig. 1. Flow-chart of the experimental procedure followed to obtain dense
nanocomposites.

2.1.2. Nanopowder fabrication

Zirconia/nickel nanocomposites have been prepared by the
deposition of nickel nanoparticles on the surface of the ceramic
powders and fast drying in vacuum. A flow chart of the total pow-
der processing can also be seen in Fig. 1. A previous detailed
study was done to determine the most suitable salt for the depo-
sition of Ni nanoparticles on the zirconia surface® and nickel
nitrate hexahydrate was finally selected. The salt powders were
weighed in order to fabricate the composites with different nickel
content. The amount of salt corresponding to the metal volume
fraction chosen had to be completely dissolved in a suitable vol-
ume of absolute ethanol with the help of ultrasonic agitation.
When total nitrate dilution was achieved, 3YTZP powders were
added and the suspension was milled for 24 h with zirconia balls.
The mixture was dried drop by drop under vacuum at 100 °C
and with the help of an halogen lamp, using the device showed
in Fig. 2 and then calcined at 600 °C for 2h in air to obtain
ZrO,/NiO mixed powders. Subsequently, the resulting powder
was sieved down to 100 pm. Finally, the NiO was reduced to
metallic nickel in a 90% A1r/10% H; atmosphere at 500 °C for
2h. A TEM micrograph of the ZrO,/Ni resulting powder is

Fig. 2. Device used for fast drying of the starting suspension with the help of
an halogen lamp.

» I

Fig. 3. TEM micrograph of a 3YTZP/2.5 vol.% Ni powder.
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showed in Fig. 3. The study of the powders has revealed the
absence of Ni particles larger than 50 nm.

2.1.3. Pressing and sintering

The powders were isostatically pressed at 200 MPa. The
resulting bars, with approximated dimensions of 5 mm diameter
and 50 mm long, were fired in a 90% A1r/10% H; atmosphere in
two steps: (i) 500 °C for 2 h in order to reduce the NiO present
in the surface of the starting Ni particles and (ii) at 1415 °C for
2 h for final sintering. The heating and cooling rate was kept at
600 °C/h.

2.2. Microstructural characterization

The microstructure of fired specimens was studied on sur-
faces polished down to 1 pum by optical microscopy and scanning
electron microscopy (SEM, model DSM 960, Zeiss Thornwood,
NY); in the case of deformed specimens, sections parallel to the
compressive axis were cut from the samples. Thermal etching at
1250 °C for 30 min in 90% A1/10% H, atmosphere was required
to study the zirconia matrix grains. The Ni particle size distribu-
tion in the specimens was measured from transmission electron
microscopy (TEM) images (JEOL microscope, model FXII,
JEM 2000, operating at 200 kV) for powdered samples. For high-
resolution transmission electron microscopy (HRTEM), a JEOL
ARM microscope operating at 1250keV was used for sintered
samples.

A general overview of nickel and zirconia bonding and
ZrO,/Ni interfaces studied by HRTEM is showed in Fig. 4.
A good interfacial bonding and low porosity in 3YTZP/n-Ni
nanocomposites (referred hereafter to as n-Ni2.5, n-Ni5 and n-
Nil0 according to vol.% of nickel content) have been observed
from the microstructural characterization of dense samples.’

2.3. Creep tests

For creep tests, the specimens were cut in cylinders of 5 mm
length and deformed in compression under constant load using
a prototype creep machine described elsewhere.'? These tests
were carried out between 1200 and 1250 °C, to avoid grain
growth, using nominal stresses, o, between 32 and 66 MPa in
argon atmosphere. Data were analyzed using the classical high-

temperature creep equation!!:

. n Q
&= Ac" exp (RT) (1)
where ¢ is the strain rate deformation, A a constant including the
grain size dependence, n the stress exponent, Q the activation
energy, T the temperature and R is the gas constant. The creep
parameters, n and Q, were determined from stress jumps under
constant temperature conditions or temperature jumps under
constant stress, respectively, performed during creep tests.

3. Results and discussion

The as-received samples present nano- and submicromet-
ric rounded nickel inclusions homogeneously distributed into

Fig.4. (A) TEM micrograph of a general overview of nickel nanoparticles on zir-
conia surface in a sample with 10 vol.% Ni content. (B) Close up of a zirconia/Ni
interface observed by HRTEM on the same sample.

equiaxed 3YTZP fine grains.” The average zirconia grain size is
close to 200 nm for the three nanocomposites studied. Neverthe-
less, the nickel grain size increases with the amount of nickel;
the average inclusion size is 60, 120 and 200 nm in n-Ni2.5,
n-Ni5 and n-NilO, respectively.

Fig. 5 shows a comparison of the creep curves for n-Ni5 and
a u-Ni composite® deformed at similar levels of stress and tem-
perature. All nanocomposites have deformed at similar strain
rates than n-Ni5, being more resistant than microcomposites by
afactor close to 10. This discrepancy is easily explained in terms
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Fig. 5. Creep curves of u-Ni® and n-Ni5 cermets deformed at similar levels of
stress and temperature. The upper (lower) values of n and Q correspond to p-Ni
(n-Ni5).

of the different porosity levels between both materials’; after
porosity correction of the p-Ni creep curve,’ the 3YTZP/p.-Ni
creep rates are similar to those of 3YTZP/n-Ni cermets. The
stress exponent values are similar to n obtained for w-Ni, but
higher values of Q have been measured for nanocomposites.
Table 1 displays the creep parameters measured for the differ-
ent 3YTZP/n-Ni composites; whereas the stress exponents of all
nanocermets are similar, a tendency is observed in Q decreas-
ing values with higher nickel contents. This influence of the
amount of Ni content on Q values has not been measured in
w-Ni cermets,> where all studied compositions display a similar
creep behavior at least up to 40 vol.% of Ni amount.

No microstructural changes have been observed after defor-
mation. Either zirconia matrix or nickel inclusions do not
undergo significant changes, showing the same values of grain
size and shape than in as-received condition.

The absence of microstructural evolution during creep and
n values obtained from creep tests suggest that n-Ni cer-
mets deform by grain boundary sliding (GBS) of the 3YTZP
grains with the concurrence of a threshold stress as in u-Ni
composites.” The existence of a threshold stress has been con-
firmed by ¢ versus (o —0¢)> plots of our experimental data
accepting that the ceramic phase controls the creep properties.*>
Therefore, the creep rate of 3YTZP/n-Ni composites is cor-
rectly described by the following constitutive equation instead
of equation (1):

-0

¢ = A(o — 00)* exp (RT) , (2)

Table 1
Stress exponents and activation energies determined for 3YTZP/n-Ni composites
using equation (1)

Sample n 0 kJ mol’l)
n-Ni2.5 2.6 £0.2 630 £ 80
n-Ni5 23+04 590 + 50
n-Nil0 224+02 530 £ 50

Tests were performed under similar solicitation conditions in an argon atmo-
sphere.

where o is similar to the threshold stress reported in high-purity
YTZP polycrystals of the same average grain size'> and also
in 3YTZP/p.-Ni cermets.’ Yttrium segregation towards grain
boundaries, making GBS difficult, has been pointed out at the
origin of the threshold stress.'>!3

The previous analysis means that the creep parameters pre-
sented in Table 1 are apparent values. Although the stress
exponent values drop to 2 taking into account the concurrence of
00, the Q values are still higher than reported for the activation
energy in pure 3YTZP'? and w-Ni composites.> Furthermore,
the tendency observed in Q (decreasing values with higher nickel
contents) is not explained by the existence of a threshold stress;
creep tests performed in similar stress and temperature condi-
tions were expected to lead to similar apparent Q values, whereas
our results show a clear dependence with nickel content.

Recently, the interfacial stability exhibited by nickel grains
similar in size to 3YTZP one’s (about 150-200 nm)’ has been
explained in terms of the existence of a small nickel oxide layer at
the metal—ceramic interface.'* The presence of these rich Ni—O
bonding interfaces is likely to affect the activation energies for
creep because of the influence on the path of the Zr diffusion
that controls the accommodation mechanism in 3YTZP GBS.
The model presented in Ref. 14 supposes that zirconium atoms
diffuses along such Ni—O interfaces for 3YTZP in contact with
Ni grains, where Zr migration is hindered by the strong Ni-O
bonding energy. Then two types of 3YTZP grains can be iden-
tified in nanocomposites: (i) one group that are not in contact
with nickel grains; this fraction of grains “A” slides each other
as monolithic 3YTZP with an activation energy for creep corre-
sponding to lattice cation diffusion and (ii) another proportion
“B” of 3YTZP grains sharing at least one well-bonded interface
with the nickel inclusions. In those well-matched grains, cations
must diffuse along the ceramic—metal interface. The zirconium
diffusion along those Ni—O boundaries could be responsible
of the accommodation mechanism for creep in these nano-Ni
composites resulting in higher values of Q as reported.'*

In the light of this model, the O-tendency observed in this
study could be related to the proportion of well-matched metal—
ceramic interfaces in the different nanocomposites better than to
the nickel content itself. This proportion depends on the volume
content and size of both 3YTZP and Ni phases. Microstructural
analysis are now in progress to confirm this point.

4. Conclusions

Fast drying of nickel salts on zirconia powders is a capa-
ble technique to prepare nanopowder precursors leading to
strong interfacial matching and low porosity in 3YTZP/n-Ni
cermets. This work reports that the strong interface matching
can be at the origin of the high activation energies for creep and
these effective activation energies are sensitive to the amount of
strongly-bonded TZP/Ni interfaces.
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