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ABSTRACT

From the liquid state to room temperature, two successive solid-state phase transitions occur in pure zirconia. It
is well-known that the last one (tetragonal to monoclinic) is martensitic and induces large volume variations and
shear strains. Elastic and inelastic behaviors of zirconia-based materials are strongly influenced by this transition
and the associated strain fields that it induces. Knowledge of strain and stress at the crystal scale is thus a crucial
point. Using fully dense pure zirconia polycrystals obtained by a fuse casting process, we have determined at a
sub-micrometric scale, by X-ray Laue microdiffraction, the strains map at room temperature in as-cast specimens
and after a post elaboration high temperature thermal treatment. We observed that the fluctuation of deviatoric
elastic strain is huge, the standard deviation of normal component being in the range of 1-2%. The heat
treatment tends to even further increase this range of fluctuation, despite the development of a multiscale crack
network formed during the cooling. Correspondingly, the associated stress level is also huge. It lies in the 5 GPa

range with stress gradient amounting 1 GPa pm ™.

1. Introduction

Dense zirconia-based materials are usually obtained through a sin-
tering process at a temperature higher than 1000 °C or fuse cast from the
liquid state. In both cases, the final materials are out of equilibrium and
the presence of residual stresses plays a crucial role on the structural
state of zirconia crystals and finally on the mechanical behavior of the
bulk polycrystalline materials [1,2]. The coupling between solid-state
phase transitions (SPT), residual stresses and mechanical response is
complex. Nevertheless, for large variations of temperature, the me-
chanical response mainly involves two mechanisms that act at different
scales: (i) the formation of a local heterogeneous stress fields, due to the
intrinsic highly anisotropic elastic and thermal expansion properties of
the crystals constituting the material, and (ii) the cooperative effects of
intergranular interactions (so-called “microstructural effects”) [3]. En-
gineering the mechanical characteristics at this mesoscopic scale re-
quires a subtle relative tuning of antagonist intrinsic properties and the
intergranular arrangement at the meso or nano scales. Moreover, it is

well-known that physical intrinsic properties are modified when the
crystal size lies in the nanometer range. Considering the mechanical
properties of bulk materials, the relevant size is in the 10-100 nm range
according to the Hall-Petch law [4,5]. Whatever the physical origin of
internal stresses, their relaxation mechanisms are related to the elastic
and inelastic behaviors of the materials under consideration. In metallic
alloys, plasticity arises generally from dislocation motion. However, in
oxide materials like zirconia the inelastic behavior is mainly related to
microstructural effects [6] corresponding often to the formation of a
multiscale crack network [7] or the formation of textured microstruc-
tures made of a very high number of crystalline domains exhibiting
specific crystallographic relationships [8,9]. At high temperature, such a
behavior is particularly magnified: elastic and super-elastic behaviors
related to specific effects associated to phase transition processes have
been observed [10,11]. It has also been experimentally demonstrated
that oxide single crystals can be deformed plastically when their size lies
in the 10-nm range [12].

Combining inelasticity at the microstructural scale with unconven-
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tional elastic behaviors related to size effects, some intrinsically brittle
oxide materials exhibit an unexpected high compliance [10,11].
Although observed at the microscale, the compliance origin often lies at
the nanoscale. From this point of view, zirconia based polycrystalline
materials constitute a very interesting scientific case. Indeed, pure zir-
conia (ZrO,) exhibits two SPTs during cooling from the liquidus tem-
perature. Under atmospheric pressure, in materials free of any internal
or external constrains, pure zirconia solidifies into a cubic crystal
structure (space group Fm3m) at about 2700 °C, transforms to tetragonal
(space group P4y/nmc) upon cooling to 2300 °C and becomes

monoclinic (space group P2,/c) at 1170 °C [13]. This last SPT is a first
order transition and is of martensitic type. Moreover, it induces a large
volume expansion of a few percent associated to an anisotropic me-
chanical transformation at the crystal lattice scale that creates huge
internal stresses in the material and promotes the development of a
microcrack network. Nevertheless, it is well known that accurate control
of this phase transition, and thus of the microcrack network formation,
allows producing materials exhibiting enhanced mechanical properties
[1,14]. Relaxation of thermal stresses through SPTs results in the for-
mation of microstructures that usually involve length scales spanning at

Monoclinic pure zirconia
polycrystalline area

Coherent crystal size

Three orders
of magnitude!

Microcrac!

(a) Microstructure probed by electronic microscopy. The main picture was obtained by scanning electronic microscopy while the four
smaller ones are transmission electron microscopy images evidencing both coherent domains and microcracks through high resolution

observations.
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(b) one Laue microdiffraction image containing the contributions of a number of diffracting crystals

Fig. 1. Typical multiscale microstructure of a pure zirconia material elaborated through fuse-casting process and associated Laue microdiffraction pattern.
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least three orders of magnitude from the crystal size to the grain size. As
an illustrative example, we show in Fig. 1a the multi-scale microstruc-
ture of pure zirconia manufactured through fuse-casting process.
Coherent domains have a typical size of few tens of nanometers and they
are part of larger polycrystalline volumes of usually a few tens of
micrometers.

Since the publication of the founding article of Garvie et al. [1],
strain and stress induced SPTs in zirconia have been studied using
theoretical modelling approach [15] and the microstructure induced by
these transitions has been predicted through phase field modelling
during the last decade [18-20]. Concerning experimental approaches
[8,16,171, it is worth noting that they have been essentially focused on
doped zirconia. The introduction of aliovalent cations in substitution to
zirconium induces in most cases a significant reduction of the difference
between the a, b and c cell parameters of zirconia. As the level of the
residual stresses is partially related to the mismatches between the
different cell parameters of the non-cubic zirconia phases [21], higher
strain and stress levels are expected to be generated within pure zirconia
polycrystalline samples compared to doped ones. This often leads to the
breakage of these materials associated to a partial relaxation of the in-
ternal stresses. Consequently, the true level of strain induced by the
phase transitions is in fact not well-known. Accordingly, as far as we
know, direct experimental measurement of the actual level of local in-
ternal residual strain distribution at room temperature in pure zirconia
crystals within bulk polycrystalline samples has up to now never be
performed.

The purpose of this paper is to determine the level of local strains in
such pure zirconia polycrystals. Recent studies on fused cast zirconia
have introduced very interesting samples made of sub-millimetric pure
zirconia areas embedded into a glassy phase [22,23]. Such microstruc-
ture is the result of a phase separation process occurring in the liquid
state in the pseudo binary phase SiO>-ZrO; phase diagram [24,25]. It
has already been demonstrated [9] that each of these areas come from
the same cubic single crystal at high temperature. It means that all these
monoclinic submicrometric crystals of one given area are in fact
belonging to crystallographic variants of the same cubic grain generated
by the successive SPTs occurring during the cooling of the sample. We
show in this article by X-ray Laue microdiffraction that the successive
SPTs associated with volume variation and anisotropic thermal expan-
sion of monoclinic zirconia [26,27] induce local strains of a few percent
into the pure zirconia crystals. Associated internal stresses are in the GPa
range. We demonstrate experimentally that the global residual stresses
at the scale of the sub-millimeter former cubic volume are at least ten
times smaller than local values. This feature avoids the general breakage
of the monoclinic polycrystalline areas and offers a unique scientific
case, allowing direct illustration of the coupling between SPTs and
anisotropy of thermal expansion of pure zirconia on one side and the
generation of stresses in the GPa range on the other side.

2. Material and methods

The fabrication process of the samples has already been described in
details in Ref. [23] and thus is recalled only briefly here. In all the cases,
they have been manufactured by the Saint-Gobain company. The raw
materials are melted and then poured into a mold. A careful cooling
process allows avoiding the global breakage of the zirconia blocks that
are sub-metric in size. As shown in Fig. 1a, the sub-millimetric areas of
ZrOy embedded into silica-based glass are fully dense and are made of a
very large number of constituting crystals. The specimens investigated
come from large blocks (size ~250 x 400 x 450 mm?) containing 94 wt
% of pure zirconia. The remaining 6 wt% is a glassy phase seen in dark
grey in Fig. 1a. One block was cut in order to obtain one slice close to its
surface and another slice in the central part of the block. Two equivalent
samples were extracted from each slice and one of them was heat treated
at 1500 °C for 1 h in order to observe the effects of the m—t and the
reverse t—m transitions on the internal strain state. Samples

nomenclature is given in Table 1. Each sample was cut to a final size of 5
x 5 x 10 mm® and these pieces were then mounted in resin, grounded
and polished mechanically with the procedure described in Ref. [23].

Laue microdiffraction experiments were carried out at the French
CRG beamline BM32 at the European synchrotron radiation facility
(ESRF), Grenoble, France [28]. A MARCCD165 detector (79.14 pm pixel
size, 2048 x 2048 pixels, 16 bits dynamic) was used to record the
diffraction patterns. The sample-detector distance was ~70 mm. As for
the precise geometrical calibration of the setup (position and orientation
of the detector with respect to the incoming X-ray beam, and sample
position) which is important for an accurate analysis of Laue micro-
diffraction patterns, we used a stress-free germanium single crystal that
was systematically measured before the investigation of each sample.
The precise sample positioning was achieved thanks to an optical mi-
croscope with a narrow depth of field (~2 pm). The set-up geometry and
calibration procedure are detailed in Ref. [28].

A polychromatic beam with an energy ranging between 5 and 22 keV
was used. This beam was focused down to a cross section of ~300 x 300
nm? (at the focal point) by Kirkpatrick-Baez mirrors installed on the
beamline. The sample stage was inclined by 40° with respect to the di-
rection of the X-ray primary beam. The surface of the sample was
scanned with the X-ray beam along two orthogonal axes to create a mesh
of scan points. According to the X-ray energy range, the attenuation
length in zirconia lies between 5 and 40 pm and thus, accounting for the
setup geometry, one can estimate that the X-rays probe a surface layer of
10 pm thickness. With this setup, a single crystal of monoclinic zirconia
creates a Laue pattern containing several tens of diffraction spots. As
evidenced in Fig. 1a, our sample is made of a very large number of
coherently diffracting nanosized crystals misoriented with each other.
Thus, even with an X-ray beam of sub-micrometer cross section, taking
into account the penetration depth lying in the ten microns range, at
each position of the sample with respect to this beam, the probed volume
contains few thousand of monoclinic crystals, a number of which are
diffracting simultaneously. Thus, each Laue microdiffraction image
contains a number of Laue microdiffraction patterns (see Fig. 1b). The
experimental Laue microdiffraction patterns that we recorded are
therefore particularly difficult to handle with standard analysis routines
(peak search & indexing) developed for large crystals well separated in
orientation space. Here, we followed the method introduced by Ref. [29]
and based on the use of Electron Backscatter Diffraction (EBSD) data as
initial average guesses (~0.5 deg accuracy) for the lattice orientation of
the diffracting crystals. This allows us to index unambiguously super-
imposed Laue patterns of several nanosized crystals for a reliable
determination of their corresponding local strain states. All the experi-
mental work reported in this paper has been processed following this
EBSD-assisted Laue microdiffraction method [29].

Hence, the micro-texture of the sample was first determined by EBSD
with a Zeiss SUPRA 40 SEM equipped with Bruker QUANTAX system. An
accelerating voltage of 15 kV and a working distance of ~15 mm were
used throughout the analysis. EBSD measurements were carried out with
the same setup. For each sample, regions of interest (ROI) were defined
and measured. Step size for the EBSD scan was 0.2 pm. Standard
QUANTAX software was used for the data treatment. The position of
ROIs were then identified by tiny marks machined by focused ion beam
in the SEM so that it can be easily located later on with the optical mi-
croscope mounted on the Laue setup.

The Laue patterns images were treated by the software “LaueTools”
(https://gitlab.esrf.fr/micha/lauetools) which is presented in detail in

Table 1
Sample nomenclature with respect to sampling position and heat treatment.
Sample label Position in the block State
1 Surface As-cast
2a Center As-cast
2b Center Heat treated
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Ref. [30]. Additional self-developed python codes were also used to treat
and combine data obtained from EBSD and Laue microdiffraction [29,
31].

The details of deviatoric strain measurement by the Laue micro-
diffraction method are discussed in Refs. [29,30,32] after the original
paper [33]. Elastic deformations of the crystal lattice can be assessed by
the refinement of the diffraction peaks angular shifts with respect to
reference unstrained crystal counterparts. The reciprocal lattice vectors
Qi Of the deformed lattice can be expressed by the following equation:

—_—
Gt = U.B.Gpy

where G—hk; is the reciprocal lattice vector of the undeformed lattice for a
given hkl reflection, U is the rotation matrix to transform the coordinate
system from orthogonalized crystal basis to laboratory basis [34] and B
describes the mechanical transformation of the lattice associated to the
elastic strain of interest here. Tensor U.B is proportional to the inverse of
the transpose of the mechanical deformation gradient (usually denoted
F), from which the symmetric elastic strain can be derived. For a
diffraction pattern containing contributions from many crystals, the
knowledge of a good initial guess for U obtained from the EBSD data is
necessary to refine the Laue peak positions and estimate subsequently
the strain for each identified crystal with B [29]. Here, the considered
unstrained lattice parameters of monoclinic zirconia are taken from

Howard et al. [35]: a = 0.51505 nm, b = 0.52116 nm, ¢ = 0.53173 nm,
and $ = 99.230°.

During the data treatment, the crystal orientations with the most
dominant contribution in the diffraction pattern were analyzed. The
exact orientation of each crystal is refined for each pattern and finally
the strain refinement is done accounting, on average, for more than 60
Laue spots of different hkl indexes per image. During the experiment at
BM32, the wavelength of Laue spots was not measured as this requires
an additional time-consuming scanning of the incident beam energy
[36]. Therefore, only the deviatoric part of the strain tensor can be
extracted from the data, not the volumetric part as the volume of the
crystal cell cannot be determined. In the following, only results con-
cerning the deviatoric elastic strain are presented and discussed.

3. Results
3.1. Distribution of elastic strain

A relevant example of microstructure for sample 1 (SEM image ob-
tained by backscattered electrons) is shown in Fig. 2a. As already
illustrated in Fig. 1, the pure zirconia areas which constitutes the ROI are
made of a huge number of monoclinic zirconia crystals and are
embedded in a glassy phase (in black in Fig. 2a). The local texture of this
ROI was determined by EBSD measurements. Superimposition of the
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Fig. 2. Sample 1. (a) SEM image of the studied ROJ; (b) local texture determined by EBSD measurement; Distribution of (c) normal and (d) shear strain components

expressed in the crystal reference frame.
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inverse pole figures map upon the SEM image is reported in Fig. 2b. The
orientation of the monoclinic crystals is inherited from the martensitic
t—m SPT [37] and the resulting microstructure exhibits a banded
feature that has been observed experimentally many times. P.M. Kelly
and L.R. Francis Rose published a review on this aspect [38]. Such a
microstructure related to the martensitic transition has also been pre-
dicted by phase field modelling [18].

As the whole ROI corresponds to a unique parent cubic crystal
appearing at the transition between the liquid and the solid states, the
orientations of all the diffracting crystals result from the two successive
SPTs during cooling and thus correspond to the 24 possible variants [9].
Nevertheless, the diffracting crystals corresponding to the same variant
are slightly misoriented with each other and this induces a slight split-
ting of Laue diffraction spots [29]. Laue microdiffraction patterns were
recorded in the whole ROI reported in Fig. 2a, comprising an area of 45
x 65 pm? and scanned with a step size of 5 um along two orthogonal
directions, thus making 140 elementary volumes. With the method
indicated above, all the Laue patterns were fully indexed.

The corresponding distributions of all components of the deviatoric
elastic strain are shown in Fig. 2c and d. The strain tensors are expressed
in a reference frame (e7, >, e3) attached to the crystal lattice. The e
and e, vectors are colinear to the [100] and [010] directions respec-
tively while es is perpendicular to the (001) planes (therefore e3 lies at
~9 deg from [001] due to the unright angle $). These distributions show
a wide range of strain values (see also Table 2), especially for the normal
component £33 associated to variation of lattice spacing for (001) planes
for which the standard deviation, indicating the fluctuation of £33 within
the RO, is larger than 2%. The e33 strain distribution is roughly sym-
metric, and the mean value is close to typically a tenth of the standard
deviation, i.e. ~0.27% (see Table 2). Similar behavior is observed for the
two others normal components ¢1; and &3, that exhibit mean values and
standard deviations typically half of those observed for €33 . All the three
shear components (Fig. 2d) show a much narrower distribution with
maximum measured values of ~1% and standard deviations and mean
values roughly one order of magnitude smaller than those observed for
£€33.

The strain distributions given Fig. 2c and d have been obtained from
data coming from the whole probed area of size of 45 x 65 um2 As
already discussed, it includes different crystallographic variants gener-
ated by the SPTs. In order to extract the strain state of a set of crystals
belonging mainly to a unique variant, we probed a smaller ROI of 10 pm
by 10 pm with a step size of 1 pm. The mesh used is drawn on top of the
EBSD map of the considered ROI reported in Fig. 3a and the spatial
distribution of normal strain €33 is superimposed upon the probed ROI in
Fig. 3b. Finally, the distributions of the three normal strain components
€11, €22 and €33 are drawn in Fig. 3c. The mean values and the standard
deviations are reported in Table 2.

The highest strain value measured in this ROl is smaller than that one
determined in the larger area including several variants (see Fig. 2) and
the standard deviation is typically half of that one observed for a larger
ROL Looking at the insert drawn in Fig. 3b, it is interesting to see that
sometimes red colored squares (high strain) are adjacent to white (low
strain) or even green ones (high strain with opposite sign). This result
shows the presence of very strong strain fluctuations between one
elementary probed volume to the next adjacent volume. The

Table 2

corresponding strain gradient is huge, of the order of 1072 pm™L.

Because of the very large size (sub-metric) of the fuse-cast blocks, a
high thermal gradient is observed during the cooling process [23] even if
the complete cooling lasts for several days. In order to check the po-
tential influence of this gradient onto the local strain, we determined the
strain distribution in sample 2a located near the central part of the initial
block. The Laue microdiffraction scan was performed over a ROI of 40 x
40 pm? with a step of 4 pm. This ROI was again selected from the EBSD
map as belonging to one parent cubic crystal (see Fig. 4a). The strain
distribution with respect to the crystallographic axes is drawn in Fig. 4b.
A comparison between the ¢33 strain component measured respectively
in samples 1 and 2a is given Fig. 4c, mean values and standard de-
viations are also reported in Table 2. The histograms are not directly
fully comparable because the extension of the scanned areas is not
exactly the same, nevertheless they both contain more than one variant.
The main difference is the presence of longer tail and twice larger
standard deviation for sample 1.

Due to the intrinsic physical properties of zirconia, zirconia-based
materials are very often used at high temperature. High temperature
post treatments, done after the elaboration process on pure zirconia
crystals, induce the m—t reverse transition. During heating, each
monoclinic zirconia crystal is transformed into a tetragonal one, but
during the following cooling stage each of these tetragonal crystals
usually transforms into a large number of monoclinic crystals with
respect to a twinning process. Successive heat treatments of zirconia at
temperature higher than the m—t SPT result in a refinement of the
microstructure (see for example [18]). The met transitions are associ-
ated with significant mechanical deformations including shear and
volume variation of the crystal lattice and the intergranular stresses are
partially relaxed through the formation of the microcrack network. One
interesting question is the coupling between the microstructural
refinement and the variation of the local internal strain within zirconia
crystals. In order to get some experimental information about this pro-
cess, we have measured the local deviatoric strain distribution present in
sample 2b that has been heat treated at 1500 °C (see Table 1).

A typical SEM image obtained for sample 2b is reported in Fig. 5a.
We superimposed to this image the inverse pole figure giving the main
orientations of the monoclinic variants in an area of 20 x 20 um?. One of
the interesting aspects is that the main yellow/green colored region is
circumscribed by two parallel cracks located at, or very close to the
variant boundaries on each long side of this area. The presence of these
two cracks probably originates from the relaxation of stresses linked to
the volume variation associated to the t—m SPT. It is of course well
known that the formation of microcracks is an efficient stresses relaxa-
tion process in zirconia-based materials. We realized Laue micro-
diffraction measurements in a small ROI containing one of these cracks.
A5 x 5 pm? area was scanned with a step of 0.5 pm. The corresponding
mesh is drawn in Fig. 5c and the £33 strain values are reported on Fig. 5d
as a color scale 2D map. The strain variation along this direction is very
large with a standard deviation of 2.605% (see Table 2). This confirms
the huge strain values into an area made of a large number of coherently
diffracting domains exhibiting similar global crystallographic orienta-
tions and thus belonging to the same variant. Another interesting
observation is the low values of the deviatoric strain close to the
microcrack (see the part of the strain map inside the superimposed blue
ellipse). Around the microcracks, at distance of few hundreds of

Mean values and standard deviations of the measured deviatoric strains, expressed in %.

Sample label Mean value Standard deviation
€11 €22 €33 €12 €13 €23 €11 €22 €33 €12 €13 €23
1 Large ROI (Fig. 2) 0.139 0.136 -0.275 —0.005 —0.025 —0.050 1.119 1.085 2.193 0.349 0.179 0.135
Small ROI (Fig. 3) —0.160 —0.150 0.310 0.080 0.018 0.028 0.671 0.629 1.287 0.146 0.108 0.099
2a As received (Fig. 4) —-0.010 —0.156 0.166 —0.027 0.007 0.014 0.660 0.664 1.311 0.129 0.110 0.057
2b Heat treated (Fig. 5) —0.159 —0.189 0.349 0.023 0.032 0.015 1.315 1.300 2.605 0.205 0.222 0.093
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Fig. 3. Strain level and distribution in a volume corresponding mainly to one monoclinic variant for sample 1. (a) Inverse Pole Figure map superimposed upon the
SEM image, and grid scanned by Laue microdiffraction. (b) Map of ¢33 obtained by Laue. (c) Distribution of normal strain components.

nanometers, the strain level is below 1%, i.e. significantly smaller than
its value a few micrometers further away from the crack! The corre-
sponding histogram of the normal strain €33 is reported in Fig. 5b and for
a comparison, we have also plotted in this Figure the distribution of the
same strain component for a similar area on sample 2a. According to
Fig. 5b, it appears that heat-treatment promoting the m—t and the
reverse t—m SPTs induces an increase of the span of strain distribution.
As reported in Table 2, the standard deviation is roughly twice larger
after thermal treatment. Moreover, the mean value is also significantly
higher.

3.2. Associated residual stresses

As already discussed, diffraction techniques provide information
about the mean lattice d-spacing in the gauge volume containing dif-
fracting crystals. In the case of Laue microdiffraction, only the positions
of Laue spots on the X-ray detector are analyzed as a measure of the
direction of the diffraction vector of each hkl spot. As the energy of Laue
spots could not be measured in the present experiment, Laue images are
insensitive to any isotropic dilation of the crystal lattice transforming
the crystal in a homothetic way. Therefore, only the deviatoric part of
the elastic strain tensor can be evaluated. Basically, those five inde-
pendent strain components already provide a very rich information
about the local mechanical state of the material, as seen above. Never-
theless, it is more customary to consider the associated stress level.

The complete stress tensor in a crystal cannot be evaluated from the
sole knowledge of the deviatoric strain. As for the deviatoric stress tensor,
it can be evaluated from the sole knowledge of the deviatoric strain only
under specific conditions: the elastic stiffness of the crystal should be
such that a hydrostatic stress only produces an isotropic strain. In other
word, the anisotropic Hooke’s law should not couple the spherical (or
volumetric) and deviatoric parts of the stress and strain tensors. These

conditions are met only for crystals with a cubic lattice or with an
isotropic elastic behavior, as explained in the supplementary material of
[39]. Such conditions are clearly not met for monoclinic zirconia single
crystals, since for example C33 (two indexes Voigt notation) is about
~1.6 times smaller than Cy2 and only one order of magnitude larger than
Cis, Cos, C3s, and Cug [40]. It can be shown for example that the cor-
responding Young modulus in a single crystal ranges between ~100 GPa
and 330 GPa depending on the direction of loading with respect to the
crystal lattice, with by far no cubic symmetry.

Therefore, to provide a rough estimation of the deviatoric stress
associated with the measured strain reported before, we have computed
the isotropic stiffness tensor that is closest to the single crystal elastic
stiffness of the monoclinic phase. We have used for that the method
proposed by Morin et al. [41] involving a minimization of the
log-Euclidian distance between both tensors. This leads to a Young
modulus E = 242 GPa and a Poisson ratio v = 0.29. Using these values,
one obtains that the strain fluctuations of about +2% found for specimen
1 are associated with a fluctuation of the deviatoric stress that lies in the
5 GPa range. The strain gradient of ~10~2 pm ™! measured in section 3.1
provides a gradient of deviatoric stress in the range of 1 GPa ym .. These
estimations are without accounting for the local hydrostatic pressure
and its fluctuation within the polycrystalline zirconia aggregate, which
might further increase them. In summary, huge fluctuations of local
stress level accompanied by huge stress gradients are found in the as-cast
and heat-treated specimens!

4. Discussion

The present work is largely based on the unique capabilities of the
Laue microdiffraction technique to estimate the field of elastic strain in
deformed materials. The lateral spatial resolution of the technique is
directly related to the beam size (~300 nm in our case) whereas the
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Fig. 4. Influence of the location of the sample into the zirconia block. (a) Microstructure of sample 2a. (b) Corresponding distribution of normal strain obtained by
the Laue microdiffraction scanning of the area shown in (a). (¢) Comparison of normal strain ¢33 for specimens 1 and 2a.

spatial resolution along the beam direction is dictated by the x-ray
attenuation length in the material, ~10 pm for ZrO, and the used X-ray
beam energy range. The associated gauge volume contains a very large
number of crystals from the same variant. It should be mentioned that
most of the published work using this Laue technique has been carried
out on materials with a cubic structure. There are only few published
applications of Laue microdiffraction to stress field measurements in
materials with lower crystal symmetries, e.g. Refs. [42-44]. The
advantage of lower lattice symmetry is a larger number of Laue spots on
the X-ray detector, which improves significantly the accuracy of stress
determination as shown by Ref. [45], but at the same time the detector
can become crowded by too many overlapping Laue spots, rendering the
indexation of Laue patterns more complex as discussed above. On their
work on natural quartz, Chen et al. [42] indicate that they reach a strain
resolution of ~10~*. Besides some partial results shown in Ref. [29],
there is to the best of our knowledge only one published paper in which
Laue microdiffraction has been used to investigate zirconia [46], but the
study was focussed on sintered yttria stabilized zirconia (for dental ap-
plications) for which the internal stress level is expected to be lower than
in our fuse-cast pure material, as explained above. The authors found a
standard deviation of the stress of ~500 MPa in their microstructure.
They could make use of only 6 to 12 Laue spots in each image to index
the Laue patterns. Such a small number reduces the strain accuracy and

thus tends to broaden the associated strain distribution. In the present
study, use was made of more than 60 Laue spots on each image to es-
timate the elastic strain, leading to a strain accuracy of about 1074 [29].

The accuracy of elastic strain measured by Laue microdiffraction has
also been evaluated in a few recent papers by combining Monte Carlo
and experimental studies [45,47-49]. In all these studies, the authors
conclude that accuracy is in the order of 10~%. It can be further improved
by using an image correlation technique to detect the slight distortion of
Laue pattern due to the elastic strain, as in Ref. [50], but as the strain
fluctuations in zirconia are found to be two orders of magnitude larger
than the accuracy, using this Laue-DIC was not found necessary here.
Interestingly, Poshadel et al. [48] found that the uncertainty on the
shear components of the strain tensor is about twice as large as that on
normal components. Here, we found that the standard deviation of the
shear strain distribution, which is around 10~° on average (Table 2), is
much larger than the expected resolution of the setup but much smaller
than the fluctuations of normal strains. We are therefore highly confi-
dent on the obtained strain and stress values are accurate.

Each area that we have characterized corresponds to only one parent
cubic crystals appearing at the liquid to solid states transition. In all the
studied cases, the strain distributions are roughly symmetric. According
to the associated stress estimation, except for the heat-treated specimen,
one can conclude that the average strain and stress levels of the global
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area corresponding to the parent cubic crystal are at least one order of
magnitude smaller than the local one. The larger part of internal strain
probably appears through the t—m transition during the cooling pro-
cess. At the corresponding temperature, the viscosity of the glassy phase
embedding the zirconia polycrystalline areas is very low [23] and the
glass can thus easily accommodate the global deformation associated to
each former parent cubic crystal.

We compared the strain state of two samples located respectively at
the surface and near the center of the initial sub-metric block. We
observed that higher deviatoric strain is observed in the sample located
near the surface of the block. Nevertheless, the global feature of the
strain distributions is very similar. The cooling process of the whole
zirconia block takes several days [23] and the cooling of the surface part
is faster than it is in the center of the block. Nevertheless, the global
observed strain state with elastic deformations of the crystals of up to
few percent is not related to the temperature gradient within the block
but to both the thermal expansion anisotropy and the successive SPTs
and in particular to the t—m transition that is associated with a large
mechanical transformation including huge volume variations. The ki-
netic of the structural phase transition is certainly different at the surface
and in the bulk of the large block but the induced local volume varia-
tions are similar and consequently the associated elastic strains are lying

in the same range.

At the scale of few micrometers to few tens of micrometers we
observed the well-known banded microstructure [37] evidencing the
presence of areas that are made each by a large number of coherently
diffracting domains. As evidenced by EBSD, each band corresponds to a
given crystallographic variant and we often observed the presence of
microcracks between different variants as illustrated in Fig. 5. We were
able to demonstrate by local Laue microdiffraction with a
sub-micrometer step scan that the deviatoric elastic strain in crystals
located very near the microcrack is typically ten time smaller than the
one recorded in crystals located few micrometers away from the crack.
This perfectly illustrates the role and the efficiency of the microcrack
network for the stress relaxation at this mesoscale. The strain state is
related to internal stresses created by the SPTs and the thermal expan-
sion anisotropy. It developed thus at the crystal scale, i.e. at a sub-micron
scale. Formation of microcracks induces a relaxation process. Never-
theless, it is worth noting that only a few microns away from the relaxed
crystals, high level of strain are again measured.

Thermal post-treatment at temperature higher than the m—t tran-
sition induces, during the cooling stage, the formation of numerous
different monoclinic crystals from each tetragonal crystal. As a result,
the mean size of the monoclinic crystals after the post-treatment is lower
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than before and thus the number of interfaces between such crystals is
higher. A comparison of the measured strain values between the treated
and untreated samples clearly demonstrate that the thermal treatment
does not lead to a decrease of the strain level but, on the contrary, it
makes it increase. It also seems to increase the span of strain distribu-
tion. According to the prediction of M. Mamivand et al. [18] obtained by
phase field modelling, we think that this increase of the strain level is
due to the thermal expansion anisotropy of monoclinic crystals that
promotes the appearance of dilatational strains. In fact, because of this
anisotropy, an increase of the number of incoherent or semi-coherent
interfaces increases the global strain level. In order to accommodate
the cell parameters mismatch, the atomic planes are stretched or com-
pressed causing an important strain field, that is probably associated to
the formation of distribution of lattice d-spacing into the monoclinic
crystals. Such a d-spacing distribution must induce the presence of
diffuse scattering close to the diffraction peaks. We will discuss this last
aspect in a forthcoming paper based on X-ray scattering experiments
realized in situ at high temperature.

The local strains that we evidenced at the crystal size (tens of nm) are
of a few percent and, as written above this correspond to deviatoric
stresses lying in the GPa range. Total stress level, i.e. accounting also for
the hydrostatic part, could not be evaluated here but one can anticipate
that it lies in the same range if not at an even higher value. It is inter-
esting to note that very high pressure may promote the formation of
orthorhombic zirconia that is observed in the pure zirconia state dia-
gram at pressure higher than 2 GPa [40,51]. Although, many works have
been done on the zirconia SPTs, the knowledge of the true structural
path between the t and m phases is indeed still an open question.
Orthorhombic phases belonging to different space groups (Pbcm, Pbc21,
Pnam) can be intermediate between the t and m phases or alternative to
the formation of the m phase [13,40,52,53]. Thus, the knowledge of the
local stress level is a prerequisite in order to explore the structural
behavior of zirconia associated to the breaking of the four-fold sym-
metry axis that is characteristic of the t-zirconia.

5. Conclusions

Using a combination of EBSD and Laue X-ray microdiffraction
measurements, the distribution of local deviatoric elastic strain present
in polycrystalline materials free of external constrain and made of pure
monoclinic zirconia crystals has been determined. The two successive
solid-state phase transitions occurring during the material cooling stage
and the strong anisotropy of the thermal expansion of monoclinic zir-
conia induce huge strain fluctuation of a few percent and up to roughly
10%. An evaluation of the associated residual stress shows that it lies in
the GPa range with gradients as high as 1 GPa um ™. The dense poly-
crystalline areas that have been studied here are made of thousands of
monoclinic crystals coming from the two successive SPTs and belonging
to all the 24 crystallographic possible variants. The average global strain
within these areas is typically one order of magnitude smaller than the
local one. Stress relaxation mainly occurs by the development of a
microcrack network. At the crystal scale, the level of strain remains at
the value of few percent even after post-processing thermal treatment;
this is mainly related to the local crystallographic mismatch at the
incoherent or semi-coherent interfaces between coherently diffracting
domains. This effect is certainly enhanced by the high anisotropy of the
thermal expansion of monoclinic zirconia.
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