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Abstract

The critical transformation stresses of five 9 mol% Ce-TZP materials with different grain sizes have been investigated in bending.
It was found that two different types of phase transformation mechanisms occur in these materials. (a) A homogeneous phase
transformation with a transformation strain increasing continuously with increasing applied stress. This transformation type pro-
duces the initial deviation from linear—elastic material behaviour in the stress—strain curves. (b) An autocatalytic phase transfor-
mation with the autocatalytic formation of transformation bands, leading to a strongly inhomogeneous, localised distribution of
the monoclinic phase. Their locations and sizes vary randomly. The formation of the transformation bands has been monitored by
acoustic emission recording. The amount of monoclinic phase content has been quantified by X-ray diffractometry and Raman
spectroscopy. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Stabilised zirconia ceramics undergo a stress-induced
tetragonal-to-monoclinic phase transformation which
produces a strong R-curve behaviour and high fracture
toughnesses. From this point of view, ceria-stabilized
zirconia, which show a large amount of phase transfor-
mation and a strong transformation potential, lead to
the prospect of a flaw-tolerant ceramic material for
structural applications. Nevertheless, prior to any prac-
tical applications, further research has to be performed
in order to improve the understanding of the transfor-
mation behaviour of this class of materials with respect
to the stress level required to trigger the phase transfor-
mation and the plastic transformation strains involved
in that process. Additionally, the effect of grain size,
which is a key parameter for the production of a cera-
mic material, on phase transformation has to be eluci-
dated.
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The metastable, tetragonal phase may turn into the
monoclinic lattice structure in an athermal, diffusionless
process. In the absence of stresses transformation takes
place by cooling below the so-called martensitic start
temperature M. The phase transformation can also be
triggered by mechanical loading. It is well known that
temperature influences the stresses required to trigger
transformation, i.e. the required stresses increase with
increasing temperature.

The tetragonal phase shows a strong thermal expan-
sion anisotropy, influenced by the type and concentra-
tion of the stabilising cations. After sintering, the
thermal anisotropy induces ecigenstresses orga Which
depend on the grain size d, the difference of the thermal
expansion coefficients Aqy, in a- and c-direction, the
temperature difference AT and the distance r from the
grain boundary triple points!

d
OTEA X AotthAT—. (1)
r

Since the eigenstresses are proportional to the grain size,
the external stresses needed to trigger the phase trans-
formation decrease with increasing grain size. On the
other hand, grains smaller than a critical size cannot
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undergo the phase transformation due to the lack of
nucleating defects. It can be concluded that grain size
has a crucial influence on the stresses required to induce
the phase transformation.

Through the lattice parameters of both phases, a
volume dilatation of 4.5% and shear strains of 16% can
be attributed to the tetragonal-to-monoclinic phase
transformation.? Different combinations of the lattice
axes lead to several transformation variants. The trans-
formation shear strains are strongly reduced by twin-
ning.>3 In many cases this has led to the assumption
that the shear strains can be neglected. The transfor-
mation strains of the different transformation variants
differ by a small amount, which, after averaging over a
large number of transformed grains* and neglecting the
shear strains, leads to an isotropic plastic transforma-
tion strain. This simplified approach which is frequently
used in theoretical considerations® has been refuted in
strain and texture investigations.®

In partially stabilised zirconia, transformable tetra-
gonal particles totally transform to the monoclinic
phase, with the orientation of the lattice cells being pre-
scribed by the orientation axes of the ellipsoidal parent
particle.> In TZP ceramics, the transformation is not
complete, neither in the transforming grains nor over
macroscopic regions,’ thus causing a remaining tetra-
gonal phase content after transformation. Parts of a
grain or full grains, which are below a critical size or
whose load is reduced by neighbouring transformed
grains, remain in the tetragonal phase. In cooling
experiments, a small amount of transformation strain,
which continuously increases with decreasing tempera-
ture, has been observed after the martensitic burst! and
attributed to the transformation of a part of the micro-
scopic regions which did not transform during the mar-
tensitic burst due to their morphology.

The transformation of a grain produces high strains
which can trigger the phase transformation in adjacent
grains. Thus, macroscopic regions can transform in a
burst-like event into the monoclinic phase. This effect has
been observed in experiments as transformation bands
on uncracked specimens®'2 and as crack tip transfor-
mation zones.%-!3~15 The martensitic burst during cooling
is attributed to the same effect. This autocatalytic phase
transformation is limited to zirconia ceramics with a
high transformation potential. Band-like transforma-
tion structures have also been found in MgO-PSZ: so-
called shear bands are formed during the twinning of
the transformed monoclinic phase. They are limited to
the grain size of the non-transformable cubic matrix of
these materials.!® Therefore, the extension of the shear
bands in PSZ is by approximately two orders of magni-
tude smaller than that of transformation bands in TZP.

There is experimental evidence that the mechanically
induced phase transformation is not irreversible, with
an isothermal backtransformation taking place upon

unloading or compressive loading.!”!® Unloading Vick-
ers indents by cutting them free leads to a decrease of the
surface roughness, which is typical for phase transforma-
tion.!'” Whereas autocatalytically transformed domains
are believed to be irreversible, subcritically transformed
regions may partially retransform to the tetragonal par-
ent phase. In cyclic loading of MgO-PSZ, a hysteresis of
the plastic transformation strains was found, with the
contribution of backtransformation and microcrack clo-
sure being reflected by the specific curvature of the hys-
teresis curve.”’ A decrease of the transformation strains
during unloading was also found in Y-TZP.2!:22

In this paper, the transformation behaviour of 9 mol%
Ce-TZP with five different grain sizes is investigated
under bending loading to assess the influence of grain
size on the critical stress levels required to trigger the
phase transformation, on the plastic transformation
strains and on the morphology of the transformed
material.

2. Experimental procedures
2.1. Specimen preparation

The test materials were prepared from a batch of
9 mol% CeO,~ZrO, powder (Unitec PCE 14.0-002 s).
The processing parameters of previous studies!?-23-24
have been used: after die pressing at 10 MPa, the plates
were isostatically repressed at 200 MPa. The green
plates were sintered in air at variable temperatures ran-
ging from 1400 to 1600°C, with heating and cooling
rates of 3°C/min. In Table 1 the different materials are
named Cel to CeV. The mechanical test specimens were
prepared from the sintered plates by diamond cutting
and grinding. One specific specimen surface was
polished with diamond paste of a grain size down to
1 um. The specimens were annealed in air at 1200°C for
2 h in order to revert the monoclinic phase produced
during machining to the tetragonal symmetry and to
reduce the machining-induced residual stresses. The
specimen density was determined by the Archimedes
method. Grain size was investigated using SEM pictures
according to the line-intercept method.

2.2. Investigation of the monoclinic phase content

Phase content evaluation on the macroscopic scale
has been performed using an X-ray diffractometer with
CuK, radiation. The monoclinic phase content was
determined through the integral intensities of the tetra-
gonal (111), monoclinic (111) and (11-1) peaks accord-
ing to Ref. 25.

Local phase evaluation has been conducted using a
Raman spectroscope in conjunction with a microscope.
This allows a fast phase analysis with a minimum spot
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Table 1

Properties of the five materials

Material Sintering temperature (°C) Grain size (um) Young’s modulus (GPa) Density (%) Cm.0 (%) o. (MPa) oag (MPa)
Cel 1400 0.9 188 97.6 6.2 156

Cell 1450 1.4 197 99.9 2.0 210 336

Celll 1500 1.7 199 99.9 2.1 240 320

CelV 1550 2.1 198 99.8 2.1 282 312

CeV 1600 2.5 197 99.6 1.9 301 294

size of 1 um.?%?7 The Raman spectrum was fitted with

Lorentzian peaks using an arbitrarily fixed background.
The phase content evaluation was based on the integral
intensities of the tetragonal and monoclinic peaks at 143
and 257 and at 171 and 183 cm™!, respectively.

The monoclinic phase content can be calculated as the
ratio of the integral intensities:?
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The results of Eq. (2) were far smaller than the mono-
clinic phase content measured by XRD. In fact, Eq. (2)
has been developed for the phase content evaluation of
MgO-PSZ which has a monoclinic phase content
between 10 and 40%. In Ce-TZP, the monoclinic phase
content ranges from 0 to 80%. The lower values are
caused by the strongly differing width of the Raman
peaks, i.e. especially by the broad tetragonal peak at
257 ecm~!, which yields high integral intensities at very
low monoclinic phase contents and therefore strongly
influences the results.

Assuming that the integral intensities are proportional
to the monoclinic phase content, a corrected monoclinic
phase content ¢y, can be calculated:?’

Q-
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The constant Q =2.4 was evaluated using results from
X-ray diffractometry. Raman measurements have been
made on two different scales:

e Macroscopic line scans along the stress gradient of
the specimens with a step size between 2 and 4 mm,
a counting time of 300 s and a spot size of 38 um
to monitor the relationship between the applied
stress and the monoclinic phase content.

e Line scans perpendicular to transformation bands,
with a step size of 5 um, a counting time of 150 s
and a spot size of 7 um to evaluate the local
monoclinic phase content in transformation
bands. A spot size of 7 pm was used instead of the
maximum resolution of 1 um to obtain a mono-
clinic phase content averaged over several grains.

2.3. Cooling experiments

Using a cryostatic device, zirconia specimens have been
cooled down gradually to —80°C in silicon oil. The tem-
perature has been recorded using thermocouples. The
strain of the specimens has been recorded either by using
strain gauges or by LVDTs. Due to high straining during
the autocatalytic burst, no strain data were available after
the occurrence of the burst. The transformation strains
have been estimated roughly by comparing the geometry
of the specimen before and after the experiment. After the
cooling experiment, the monoclinic phase content was
investigated by X-ray diffractometry.

2.4. Mechanical experiments

A specimen geometry of 4x3x48 mm?® and roller
spacings of 40 and 20 mm was used for the four-point
bend tests, with the following parameters being recor-
ded during testing:

e The load F with a load cell to assess the applied
stress.

e The local strain at the location of the maximum
stress with strain gauges. On some four-point
bending specimens, both the longitudinal and the
transverse strains have been recorded.

e The acoustic emission with a piezosensor having a
resonance frequency of 150 kHz and a low-pass
filter of 100 kHz. The device was fixed on the load
frame or specimen holders. Coupling of the piezo-
sensor to the structure was achieved by applying
silicon glue. The acoustic emission signal enabled
the monitoring of the formation of autocatalytic
transformation bands.

The Young’s modulus and Poisson’s ratio were
determined from stress—strain curves. The applied stres-
ses have been calculated from the applied load F. The
slope of the linear—¢lastic part of the stress—strain curves
was determined by linear regression. The combination
of the stress—strain curves with the acoustic emission
signal the monitoring of the onset of phase transforma-
tion with two different methods:

e At the intersection of the stress—strain curve with a
line parallel to the elastic load line, shifted 5 ppm
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to the right, the onset of plastic deformation could
be monitored. The stress at the intersection point
provides the critical stress o..

e The onset of autocatalytic transformation band
formation, producing audible noise and strong
acoustic emission signals at the critical stress oag.

After mechanical testing, the monoclinic phase con-
tent was investigated on a macroscopic scale using XRD
and on a microscopic scale using Raman spectroscopy.
The geometry of the autocatalytic transformation bands
was monitored under a microscope.

3. Results
3.1. Material characterisation

The as-delivered zirconia powder had a specific sur-
face of 1.6 m?/g and a mean particle size of 0.7 um.
After sintering, the materials Cell through CeV had a
density of more than 99% of theoretical density. Cel
had a slightly lower density of 97.6%. Post-densification
of this material by hot isostatic pressing resulted
in strongly cracked and damaged plates. It has to be
presumed that CeQO, is reduced to Ce,O5 at high tem-
peratures in a low-oxygen atmosphere,3® which detri-
mentally affects the stability of the tetragonal phase.3!

The monoclinic phase content of the plates after various
processing steps was evaluated by XRD. After grinding, a
high monoclinic phase content between 20 and 30% was
found. This monoclinic phase is confined to a region of

several micrometres at the surface, since Raman spectro-
scopy with its higher penetration depth showed no sig-
nificant monoclinic phase content at all after grinding.

Polished surfaces exhibited far lower monoclinic
phase contents. After annealing at 1200°C, the mono-
clinic phase produced by machining was nearly totally
reduced, thus resulting in an initial monoclinic phase
content ¢ of approx. 2%. No difference of the
monoclinic phase content in polished and ground sur-
faces was visible after annealing. Therefore, experiments
could be performed with nearly fully tetragonal materi-
als. Only Cel had a monoclinic phase content of 6%
after annealing. A shift of the intensity of the (200) and
(002) XRD peaks was monitored on polished surfaces.
This indicates texture formation during polishing.

The Young’s modulus of Cel was slightly lower than
that of the other materials. This is due to the lower
density of this material. During mechanical testing, a
Poisson’s ratio of 0.30 was found for all materials. The
most important material parameters of the five materi-
als investigated are shown in Table 1.

The grain size was determined using SEM pictures. A
mean grain size ranging from 0.9 to 2.5 um was achieved
by varying the sintering temperature. Fig. 1(a) shows
that in Cel a large number of smaller grains exists along
with some larger grains. This may be considered a bimo-
dal grain size distribution. The other materials exhibited
precipitates on the surface after annealing [Fig. 1(b)].
Based on BSE pictures, it was found that these pre-
cipitates have a lower zirconium content than the bulk
material. The small size of the precipitates inhibited the
use of EDX for assessing the exact composition.

Fig. 1. (a) SEM micrograph of Cel; (b) micrograph of surface precipitates.
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3.2. Cooling experiments

During cooling of the specimens in silicon oil down to
—80°C, a tetragonal-to-monoclinic phase transforma-
tion was observed. In Cel, having a grain size of 0.9 um,
a continuous increase of transformation strain was
observed, starting from —70°C (Fig. 2). No martensitic
burst was observed in this temperature range. Its
occurrence cannot be excluded for lower temperatures.
In the materials with larger grain size, a martensitic
burst with a spontaneous increase of the transformation
strain was observed at temperatures between —68 and
—57°C (Fig. 2). Despite the strong scatter in the mar-
tensite start temperature, a slight increase of the mar-
tensite start temperature with increasing grain size can
be identified (Fig. 3).

Due to the sudden jump in strain during the marten-
sitic burst, the strain gauges were damaged, which
inhibited the measurement of strains after the martensi-
tic transformation. Therefore, the strains caused by the
martensitic burst had to be evaluated by measuring the
geometry of the specimen before and after the experi-
ment. A linear transformation strain of 1.3% was found
for Cell through CeV. Cel shows only a small amount
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Fig. 2. Temperature-strain diagram of two specimens of Cel and
Cell.
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Fig. 3. Influence of the grain size on the martensite start temperature.

of transformation strain, which is in accordance with
the missing autocatalytic burst.

X-ray diffractometric phase evaluation after the
experiments revealed an additional monoclinic phase
content of approx. 4% in Cel. For Cell through CeV,
the increase of the monoclinic phase content was found
to be independent of the grain size. On ground surfaces,
a monoclinic phase content of about 75% was detected,
which corresponds to the values derived from the
volume change. On polished surfaces, a monoclinic
phase content of 55% was found. A comparison of the
integral intensities of the (200)- and (002) peaks showed
a texture of the polished surface, which remained
unchanged by the martensitic burst. It has to be pre-
sumed that this texture is a surface effect occurring
during polishing of the surface.

After cooling some Cel specimens in liquid nitrogen,
a volume dilatation of 0.8%, which corresponds to an
increase of the monoclinic phase content of 53%, was
observed. It could not be determined, whether a mar-
tensitic burst did happen or whether the phase trans-
formation took place in a continuous way. The cooling
experiments showed that Cel with a continuous increase
of the transformation strains during cooling exhibits a
different material behaviour than the other materials
examined.

The violent martensitic burst is accompanied by
audible noise. The sudden increase in transformation
strains strongly damages the specimen. In fact, the spe-
cimens exhibited a large number of macroscopic cracks
after the martensitic burst, with some specimens frag-
menting during the martensitic burst.

3.3. Phase transformation during mechanical loading

During the loading experiments, a tetragonal-to-
monoclinic phase transformation was observed. The
phase transformation was monitored by stress—strain
curves and by acoustic emission. Fig. 4 shows the
stress—strain curves of four-point bending experiments
for the materials Cel and Cell, with an initial linear—
elastic regime, followed by elastic—plastic deformation
arising from the tetragonal-to-monoclinic phase trans-
formation. A saturation of the phase transformation
with a subsequent linear—elastic material response has
not been observed. Such a material behaviour is not to
be expected due to the inhomogeneous stress field in
bending, in contrast to the homogeneous stress field in
pure tension. Acoustic emission signals produced by the
burst-like formation of autocatalytic transformation
bands are monitored from a critical stress level on
[Fig. 4(b)]. Materials Celll, CelV and CeV showed a
behaviour similar to that of material Cell, shown in
Fig. 4(b). Acoustic emission signals have been received
until fracture or load reversal. No acoustic emission
signals have been monitored during unloading. In sub-
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Fig. 4. Stress—strain curve with acoustic emission signals in four-point bending of (a) Cel; (b) Cell.

sequent load cycles, autocatalytic transformation sets in
at the maximum stress reached by the previous load
cycle. The critical principal stresses for the onset of
homogeneous and autocatalytic phase transformation
are presented in Table 1.

The stress—strain curves show that the formation of
autocatalytic transformation bands does not coincide
with the onset of non-linear material behaviour. There-
fore, a systematic distinction is made between the cri-
tical stress o, which is related to the onset of non-linear
material behaviour due to phase transformation, on the
one hand, and the critical stress oo related to the onset
of autocatalytic transformation band formation.

Despite the large transformation strains recorded in
Cel, no autocatalytic transformation band formation
was detected in this material, either by acoustic emission
or by microscopical observation.

Fig. 5 shows the influence of grain size on the two
critical transformation stresses. The critical stresses for
autocatalytic transformation decrease from 340 to 300
MPa with increasing grain size. It should be noticed that
the decrease of the transformation stress is small. The
critical stresses, at which the homogeneous phase trans-
formation sets in, are increasing from 160 to 300 MPa
with increasing grain size. For grain sizes <2.5 pm these
critical stresses are below the critical stresses of the
autocatalytic phase transformation, i.e. the homo-
geneous transformation sets in before the occurrence of
autocatalytic transformation. The difference between
the two critical stresses decreases strongly with increas-
ing grain size, with the stresses being nearly equal in
CeV. A further homogeneous transformation after the
beginning of autocatalytic phase transformation is pos-
sible, but cannot be monitored in the stress—strain
curves. It is possible that in CeV homogeneous phase
transformation sets in after autocatalytic phase trans-
formation, but in the stress—strain curve no critical

350
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(MPa)

250 -

200

150 -

100 , : —
0.5 1 1.5 2 25

grain size (um)

Fig. 5. Critical stresses for homogeneous and for autocatalytic trans-
formation vs grain size.

homogeneous stress can be determined after the onset of
autocatalytic phase transformation.

The grain size has an opposite effect on the two phase
transformation stresses. The different grain size depen-
dencies show that homogeneous and autocatalytic phase
transformations are to be considered two different trans-
formation mechanisms. A comparison of the transforma-
tion behaviour of the different materials shows that in
Cel homogeneous transformation takes place only,
whereas in CeV the main transformation mechanism is
autocatalytic phase transformation. In the materials
Cell, Celll and CelV, both transformation mechanisms
take place.

3.4. Plastic strains

Fig. 6(a) and (b) show the plastic strains of Cel and
Celll. In these diagrams, the influence of the plastic
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Fig. 6. Stress—plastic strain curve of four-point bending experiments: (a) Cel; (b) Celll.

strains on the outer fibre stress has been neglected, i.e.
the stresses have been calculated using the load and the
specimen geometry, assuming a linear stress distribu-
tion. The curves of Cell, CelV and CeV look similar to
those of material Celll. The curves show that the burst-
like formation of transformation band leads to small
steps in the plastic strain. An acoustic emission peak can
be attributed to each step-like strain increase. The dis-
continuous formation of a transformation bands below
the strain gauge leads to discontinuous strain steps. The
amount of homogeneous plastic strain before the onset
of autocatalytic band formation strongly decreases with
increasing grain size.

Due to the absence of autocatalytic transformation
and the homogeneous distribution of the transforma-
tion strains in Cel, the influence of the transformation
strains on the bending stress stress distribution in the
specimen during loading could be calculated using an
iterative computing scheme of Ref. 32. Using the stress—
strain curve [Fig. 6(a)], the true stress was calculated for
different load levels, which enabled the calculation of
the true plastic strains from the total strains measured.
This corrected stress—strain curve was introduced again
in the computing scheme. This process was repeated
iteratively until convergence of the stress—strain curve.
The resulting stress—strain curve (Fig. 7) is equivalent to
stress—strain curves which would be measured in pure
tension. Compared to the linear stress distribution cal-
culated from the applied load and the specimen geo-
metry, the true stresses at the bending specimen’s
surface are approx. 25% lower. The plastic strains cal-
culated by this method are nearly twice as high as the
strains calculated using a linear stress distribution. It
has to be concluded that the plastic transformation
strains have a high impact on the stress distribution in
bending specimens, which has to be accounted for in the
case of bending strength measurements. This explains

600

400 r
(MPa)

200 |

0 1 | )
-0.05 0 0.05 0.1 0.15 0.2

& (%)

Fig. 7. Longitudinal (1) and transverse (2) plastic strains in four-point
bending; dashed curves: uncorrected data, solid curves corrected
according to Ref. 32.

why the strength measured in four-point bending is
higher than that measured in pure tension.

An increase of the monoclinic phase content of 5 and
7% was found in Cel specimens by X-ray diffractometry
after loading to 330 and 560 MPa in four-point bending.
From this monoclinic phase content, the corresponding
plastic strain can be calculated under the assumption of
isotropic volume dilatation. The amount of plastic
strains approaches the values of the plastic strains
determined from the stress—strain curve with the effects
of plastic strain on the stress field being included. On
the compressive side of the bending specimen, no
increase of the monoclinic phase content was found. It
has to be concluded that the high critical stresses needed
to induce the phase transformation under compressive
stresses!!:16:33735 cannot be reached in bending experi-
ments due to the early fracture caused by the tensile
stresses.

In the other materials, no increase of the monoclinic
phase content was found using X-ray diffractometry
after loading. On the one hand, this may be caused by
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the small amounts of homogeneous transformation
strains, which lie below the resolution of X-ray dif-
fractometry. On the other hand, due to the low spatial
resolution, an average value between the monoclinic
phase content of the transformation bands and the
nearly fully tetragonal background is measured, with
the influence of the transformation bands vanishing
because of their small surface fraction. This implies that
the phase composition of the transformation bands
cannot be analysed using X-ray diffractometry.

In Cel, which shows the highest plastic strains, the
measured difference of the ratio of tetragonal (200)- and
(002) intensities before and after loading did not exceed
the resolution of the analytical method. Taking into
consideration predictions from Ref. 36 that a ferroelas-
tic domain switching yields plastic strain of 0.2% should
lead to a substantial increase of the ratio of the tetra-
gonal (200)- and (002) peaks from 2 to 5, it is obvious
that no texture formation, i.e. ferroelastic domain
switching, occurred during mechanical loading.

On Cel, the monoclinic phase content depends on the
applied stress, with the maximum monoclinic con-
centration in the maximally stressed specimen centre,
decreasing towards the unstressed edge of the specimen.
In contrast to the autocatalytic phase transformation,
the homogeneous phase transformation follows a sub-
critical pattern, i.e. the monoclinic concentration
depends on the applied stress.

Fig. 6 shows a decrease of the plastic strains during
unloading. Due to the convex shape of the curve,
microcrack closure has to be discarded as an explana-
tion for this material behaviour,?° and therefore, it has
to be assumed that a monoclinic-to-tetragonal back-
transformation is taking place. The amount of back-
transformation strongly decreases with increasing grain
size. This grain size dependence as well as the fact that
during unloading no acoustic emission signals were
monitored leads to the conclusion that a part of the
homogeneously transformed tetragonal phase is affected
by backtransformation. Similar results concerning
backtransformation were found in Ref. 19.

Fig. 7 shows the stress vs plastic strain curves with
and without the influence of the transformation strains
on the stress field. It becomes obvious that the trans-
verse plastic strains are much smaller than the long-
itudinal plastic strains. Using a strain gauge rosette, it
was experimentally shown that the principal axes of the
plastic strains coincide with the longitudinal and trans-
verse direction of the bending specimen.

3.5. Autocatalytic transformation structures

On the specimen surfaces of the materials Cell
through CeV, a large number of autocatalytic transfor-
mation bands is created during loading. A microscopic
image of transformation bands is shown in Fig. 8.

500um

Fig. 8. Autocatalytic transformation bands at the tensile surface of a
four-point bending specimen (Cell).

The transformation bands have a variable width
between 20 and 100 pum and are irregularly spaced. In
uniaxial bending, the transformation bands are oriented
parallel to each other, stretching in the transverse
direction of the specimen. On bending surfaces under
compressive loads, no autocatalytic transformation
bands have been found, which leads to the conclusion
that in the investigated stress range autocatalytic trans-
formation occurs under tensile loads only.

In the macroscopic Raman-spectroscopic line scans
over the specimens, no increase of the monoclinic phase
content was found in Cell through CeV. The small
amount of monoclinic phase outside of the transforma-
tion bands caused by homogeneous phase transforma-
tion is below the resolution limit of Raman
spectroscopy, thus making it impossible to detect any
significant variation of the monoclinic phase content
with the applied stress. The monoclinic phase content of
autocatalytic transformation bands was monitored by
microscale Raman-spectroscopic line scans. No increase
of the monoclinic phase content was detected outside of
the transformation bands in Cell through CeV. The
monoclinic phase is localised in the transformation
bands. Fig. 9 shows the monoclinic concentration of
line scans perpendicular to transformation bands. The
change of the monoclinic phase content across the edges
of the bands is steep with a nearly constant concentra-
tion inside of the bands, which shows that the auto-
catalytic phase transformation follows a supercritical
transformation pattern. The scatter of the data inside
the transformation band results from the measuring
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Fig. 9. Monoclinic phase content perpendicular to individual trans-
formation bands in Cell and CeV.

spot size of 7 um, which leads to an averaging process
over a small number of grains.

The maximum amount of monoclinic phase in auto-
catalytic transformation bands was 75%. Fig. 10 shows
the average plateau value of the monoclinic phase con-
tent inside the transformation bands. This value increa-
ses with increasing grain size. In narrow transformation
bands, low monoclinic concentrations have been found.
This is a result of the averaging attributed to the laser
spot size of 7 um.

4. Discussion

During the mechanical experiments of Section 3.3, it
was found that the onset of autocatalytic transformation
band formation, monitored by acoustic emission, does
not coincide with the onset of plastic deformation. In
fact, a continuously increasing plastic strain was mon-
itored before the onset of autocatalytic phase transfor-
mation in all materials investigated in this study. This
has lead to the distinction between two characteristic
stresses: on the one hand, o, which is defined by the
onset of non-linear deformation and, on the other hand,
oag defined by the onset of autocatalytic transforma-
tion band formation. Thus, a clear distinction between
two types of phase transformation events is made:

e Homogeneous phase transformation producing a
continuously increasing transformation strain with
increasing applied load characterised by the cri-
tical stress o.

e Autocatalytic phase transformation with a burst-
like formation of transformation bands char-
acterised by the critical stress oog.

The suitability of that subdivision is further backed
by the opposing trends of the grain size influence on the

70
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Fig. 10. Monoclinic concentration of the autocatalytic transformation
bands as a function of grain size.

critical transformation stresses. The grain size has a
strong influence on the critical stresses of the homo-
geneous phase transformation. The critical stress of the
homogeneous phase transformation, o, increases
strongly with increasing grain size. For the autocatalytic
transformation observed in materials Cell through
CeV, the critical stresses show a slight decrease with
increasing grain size. This is due to eigenstresses result-
ing from thermal expansion anisotropy and increasing
with increasing grain size. Similar grain size dependen-
cies for the autocatalytic phase transformation have
been reported for other ceria-stabilised zirconia in Refs.
8,10,11,14. The results from Section 3.2 show a slight
increase of the martensite start temperature with
increasing grain size. The small variation of the mar-
tensite start temperature compared to results from Ref.
1 can be explained by the fact that those results rely on
investigations of 12Ce-TZP, where the variation of the
grain size from 1.3 to 8 um was much higher than in our
investigation on 9Ce-TZP, where the achievable grain
size range is much smaller. In the materials Cell
through CeV, both transformation types have been
observed.

The results of Sections 3.3 and 3.4 point to the exis-
tence of plastic deformation in Cel, the amount of
which is continuously increasing with increasing load or
decreasing temperature. The continuous increase of the
plastic strains with the applied stress can be explained
by the fact individual tetragonal grains require different
applied stresses to transform, depending on their size
and orientation. A similar transformation behaviour
has been described in Refs. 18,20,34,37 and Ref. 21 for
MgO-PSZ and Y-TZP respectively. Those materials are
characterised by the small size of the transformable tet-
ragonal entities — particles in the case of MgO-PSZ and
matrix grains for Y-TZP, which was in some cases
below 1 pm. This leads to the conclusion that Cel, due
to its small grain size which is comparable to that of
some Y-TZP materials, shows a similar transformation



2238 G. Rauchs et al. | Journal of the European Ceramic Society 21 (2001) 2229-2241

behaviour. In Section 3.5, the homogeneous plastic
deformation has been identified as transformation-
induced plasticity by X-ray diffractometry and Raman
spectroscopy. A texture formation in the tetragonal
phase due to ferroelastic domain switching has not been
found in X-ray diffractometric investigations after
mechanical loading or cooling. It has to be concluded
that, in contradiction to other investigations,?!3¢ no
ferroelastic domain switching occurred at the investi-
gated load levels and that hence the plasticity in Cel is
produced by the phase transformation only.

The amount of homogeneous transformation strains
produced during loading strongly decreases with
increasing grain size to a very low level. This is probably
caused by the grain size distribution. Assuming that
only grains below a critical size can contribute to the
homogeneous phase transformation and considering
that the number of those grains diminishes with
increasing average grain size, the amount of homo-
geneous transformation strains has to decrease with
increasing grain size. In Cell through CeV, auto-
catalytic phase transformation has to be considered the
main transformation mechanism in these materials. In
Cell through CeV, no monoclinic phase content could
be traced experimentally outside of the transformation
bands. This implies that the autocatalytic phase trans-
formation follows a supercritical transformation
scheme, i.e. the monoclinic phase content of the trans-
formation structures jumps to a nearly constant value
during transformation.

It was found that the homogeneous transformation
strains depend on the orientation of the applied load:
the transverse transformation strains were considerably
smaller in magnitude than the transformation strains
parallel to the applied stress and were opposite in sign,
i.e. the phase transformation produces a plastic con-
traction in transverse direction. Similar results have
been found in compression experiments.!'!-1¢ It has to be
assumed that the transformation shear strains are not
fully annihilated by twinning in Ce-TZP, with the
remaining shear strains resulting in an anisotropic plas-
tic deformation. Theoretical examinations in Refs. 38—
41 demonstrated that twinning in zirconia is influenced
by the applied stress field, producing transformation
shear strain which depends on the orientation of the
applied stresses. In Ref. 42 it was shown that texture of
the monoclinic phase exists on fracture surfaces. All
these observations lead to the conclusion that the
homogeneous tetragonal-to-monoclinic phase transfor-
mation produces an anisotropic plastic volume dilata-
tion. Although a contribution of ferroelastic domain
switching to the anisotropy of the plastic strains seems
likely, this hypothesis is not backed by the findings of
this study, because no ferroelastic domain switching was
found in our experiments. Nevertheless, ferroelastic
domain switching was monitored in compressive

experiments,® which gives rise to the assumption that
under tensile loads fracture occurs before the onset of
domain switching.

The mechanical experiments showed a decrease of
the plastic strains during unloading, which is caused
by a monoclinic-to-tetragonal backtransformation. The
importance of backtransformation strongly decreases
with increasing grain size and nearly vanishes in CeV.
From the grain size dependence and from the fact
that no autocatalytic backtransformation is monitored,
it can be concluded that the mechanism involved in
backtransformation is similar to that of homogenecous
phase transformation. As a consequence of back-
transformation, it has to be acknowledged that phase
content evaluations after unloading show a smaller
monoclinic concentration than in-situ phase investiga-
tions.

In the experiments, no autocatalytic phase transfor-
mation could be triggered in Cel, neither by mechanical
load nor by cooling. The different transformation
behaviour of Cel, on the one hand, and Cell through
CeV, on the other hand may be explained by several
reasons. The grain size, being the main parameter char-
acterising the different materials, should be considered
the most obvious parameter responsible for the lack of
autocatalytic phase transformation in Cel. It seems
likely that the bimodal grain size distribution shown in
Section 3.1 leads to the inhibition of autocatalytic phase
transformation in regions made up by smaller grains,
which have lower thermal anisotropy-induced eigen-
strains, thus preventing autocatalytic transformation to
have an effect on the macroscopic scale. Another expla-
nation could be that the compressive eigenstrains pro-
duced by the large amount of homogeneous phase
transformation inhibit the autocatalytic phase transfor-
mation. The effect of the porosity of 3% on the auto-
catalytic phase transformation remains to be
investigated. A fairly different explanation might be the
influence of the chemical composition of the tetragonal
phase. In Section 3.1 it was shown that in Cell through
CeV precipitates form during annealing, which implies
that the thermal stability of the material is far from
perfect. This might affect the transformation stability of
the tetragonal phase. It was shown in Refs. 30,43 that a
segregation of the cerium oxide may happen in Ce-TZP.
In Ref. 44, a strong dependence of the stability of the
tetragonal phase and of the transformation potential on
the sintering parameters was found. This implies that
the possibility of change in the phase composition of the
matrix has to be considered. This hypothesis is under-
lined by the fact that the Cel specimen had a much
lighter yellow colour than the materials Cell through
CeV.

In Fig. 11, the critical transformation stresses of 9Ce-
TZP materials found in four-point bending by various
authors®1%14 are compared to the ones found in this
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Fig. 11. Critical transformation stresses in four-point bending, as
given by various authors (Gogotsi,® Matt,'? Liu'4).

investigation. Only data corresponding to materials
produced with the same sintering parameters have been
included. All the materials considered have been pro-
duced from nominally the same 9Ce-TZP powder by the
same manufacturer, with the powder used in Refs.
8,10,14 coming from the same batch, unlike the powder
used in this investigation. The data of Refs. 10,14
represent the onset of plastic deformation in the stress—
strain diagram. The data of Ref. 8 were derived using
acoustic emission and are comparable to oag. A com-
parison of the critical stresses shows that the critical
stresses of Refs. 8,10,14 are well below the ones found in
our investigation Furthermore, the critical transforma-
tion stresses found in this study are above the bending
strength found in Ref. 10. In Ref. 8, autocatalytic
transformation and continuous plastic deformation
before the onset of autocatalytic transformation was
found in a material similar to Cel. In that investigation,
it was assumed that this homogeneous plastic deforma-
tion is caused by ferroelastic domain switching. But the
quantitative phase analysis in Section 3.5 shows that this
plastic deformation is caused by the homogeneous tetra-
gonal-to-monoclinic phase transformation. A high dis-
crepancy also shows up when comparing the size of the
transformation bands. The transformation bands
observed in Ref. 10, which also occurred in Cel in that
investigation, had a width of several millimetres and are,
thus, nearly two orders of magnitude larger than those
found in this investigation. It has to be noted that the
martensitic start temperatures of this investigation are
lower by 50°C than those of Ref. 10. It has to be concluded
that the materials used in Refs. 8,10,14 had a fairly higher
transformation potential, resulting in lower critical trans-
formation stresses and larger transformation structures.
Because the specimens have been produced by the
same sintering procedure, the composition of the two
powder batches has to be considered the only differing
parameter. An investigation of the particle size and dis-
tribution of both powders did not reveal any difference.
When measuring the cerium oxide content of both
powders using X-ray fluorescence, it was found that the

cerium oxide content of the powder used in Refs.
8,10,14 was smaller by 0.2% than in the powder used in
this investigation. Since zirconia with a cerium oxide
content of 9 mol% are very close to the stability limit of
the tetragonal phase, it has to be assumed that the dif-
fering cerium oxide content of the powders is the cause
of the strong difference with the results of other authors.

5. Conclusions

For the investigation of the critical stresses initiating
the tetragonal-to-monoclinic phase transformation in
9Ce-TZP zirconia, materials with five different grain
sizes have been produced. Taking into account the dif-
ferent grain sizes, the influence of the grain size on the
critical transformation stresses has been monitored.

It was found that phase transformation occurs as two
different transformation types:

e A homogeneous phase transformation with a
transformation strain increasing continuously with
increasing applied stress. This transformation type
produces the initial deviation from linear—elastic
material behaviour in the stress—strain curves.

e An autocatalytic phase transformation with the
autocatalytic formation of transformation bands,
leading to a strongly inhomogencous, localised
distribution of the monoclinic phase. The trans-
formation bands are oriented normal to the max-
imum principal stress of the applied stress field.
Their location and size vary randomly. The for-
mation of the transformation bands has been
monitored by acoustic emission recording.

The grain size influences both types of phase trans-
formation. The critical stresses of the homogeneous
transformation increase with increasing grain size. The
amount of homogeneous transformation strains decrea-
ses strongly with increasing grain size, leading to a
strong decrease of the significance of homogeneous
transformation for the overall transformation beha-
viour with increasing grain size. The critical stresses of
the autocatalytic phase transformation show a slight
decrease with increasing grain size. In the material with
the smallest grain size, no autocatalytic phase transfor-
mation was found. A similar transformation behaviour
was found in cooling experiments, confirming the results
of the mechanical experiments.

In Raman-spectroscopic phase evaluations it was found
that the autocatalytic transformation band formation
leads to a local concentration of the monoclinic phase.

Strong differences compared to the critical transfor-
mation stresses investigated by other authors have been
found, although the same zirconia powder had been
processed using identical sintering parameters. This
leads to the conclusion that the material parameters of
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9Ce-TZP ceramics strongly vary among different pow-

der

batches, inferring that the production of a zirconia

powder with a composition close to the stability limit of

the

tetragonal phase is problematic. From the micro-

crack-related decrease of the strength despite the high
fracture toughnesses, it has to be concluded that this
material is not very suitable for practical application.
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