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ABSTRACT

Polycrystalline materials exhibit physical properties that are driven by both the interatomic crystallographic structure as well as the nature 
and density of structural defects. Crystallographic evolutions driven by phase transitions and associated twinning process can be observed 
in situ in three-dimensional (3D) using monochromatic synchrotron radiation at very high temperatures (over 1000 �C). This paper focuses 
on continuous measurements of the 3D-reciprocal space maps by high-resolution x-ray diffraction as a function of temperature along a phase 
transition process occurring between 1200 �C and room temperature. These high precision measurements allow observing the reciprocal 
space node splitting and the evolution of the diffuse scattering signal around that node as a function of temperature. The capability of this 
experimental method is illustrated by direct in situ high temperature measurements of the 3D splitting of a reciprocal space node due to 
phase transition recorded on dense pure zirconia polycrystals.

Solid-state phase transitions (SPTs) are fundamental processes
that drive large part of the effective physical properties of single crys-
tals as well as polycrystalline materials. Aside from the structural evo-
lutions that can be described with respect to space group transitions,1

the SPTs are very often associated with transformations that occur on
the mesoscale and that generate structural defects like dislocations,
twinning, stacking faults, etc.,2 and associated strain fields. Over the
years, the study of such imperfect crystals has driven the development
of direct space imaging methods used to observe defects at convenient
scale down to the nanometer range. Apart from electronic microscopy,
which remains essentially a destructive experimental approach, nonde-
structive methods based on x-ray absorption or scattering have
become more common. High-resolution x-ray computed tomography
using a synchrotron radiation source reaches a spatial resolution below
hundred nanometers,3 and Bragg coherent x-ray diffraction imaging
allows visualizing structural defects in sub-micrometric crystals.4

Moreover, both of these methods are now used for in situ measure-
ments under different types of external constrains.5,6

As an alternative to imaging in the direct space, defects can also
be observed and quantitatively studied in the reciprocal space through
high-resolution x-ray diffraction experiments without the use of any
complex phase-retrieval algorithm. The reciprocal space mapping
(RSM) method, originally developed for the study of defects in epitax-
ial layers,7 has been extended to many cases ranging from imperfect
single crystals8 to complex polycrystals.9 Over the recent decade, the
widespread use of 2D solid state detectors at synchrotron beamlines
has facilitated the development of three-dimensional (3D)-RSM on
timescale that enables one to follow the sample evolutions as a func-
tion of external stimuli.10,11 In the case of polycrystals, it has been
shown that this approach allows, in reciprocal space, the selection of
the crystals of interest in the probed volume.12 We have recently
demonstrated that this method can be used even at very high
temperatures.13,14

This paper aims to extend the 3D-RSM method to the in situ
observations of solid-state phase transitions that occur in polycrystals
at high temperatures. The potential of this approach is illustrated by
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examining two successive phase transitions in dense polycrystals of
pure zirconia. In this paper, we demonstrate that the method permits
following the temperature induced splitting of an initially unique
reciprocal lattice node (RLN) into 24 RLNs, which results from the
loss of the symmetry axis through two successive phase transitions.
The quality of the 3D-data allows us to fully index these 24 RLNs.

Due to the ability of zirconium to accommodate different atomic
coordinations, pure zirconia (ZrO2) crystallizes in different phases
depending on pressure and temperature. At atmospheric pressure,
pure, unstressed zirconia solidifies into a cubic crystal structure (c—
space group Fm3m) at about 2700 �C, transforms to a tetragonal struc-
ture (t—space group P42/nmc) when cooled to 2300 �C, and to a
monoclinic structure (m—space group P21/c) at 1170 �C.15 To
describe these two SPTs, we refer to the initial crystallographic axis of
the parent cubic crystal. Accordingly, as it is often done (see, for exam-
ple, Ref. 16), the structure of tetragonal zirconia is indexed in a
pseudo-cubic “face-centered tetragonal” lattice, where the~at ,~bt , and
~ct unit cell vectors of the tetragonal lattice are co-linear to the cubic
unit cell vectors~ac,~bc, and~cc.

The description of the true crystallographic path between the
pure cubic and monoclinic phases of zirconia remains much debated.
The P42/nmc space group is a sub-group of Fm3m, and the c! t tran-
sition is generally considered as a second order phase transition.15,17

The crystallographic description of the t$ m SPT is more complex.18

In the pure zirconia single crystal, it is a first-order one and is associ-
ated with a strong volume variation. It has been shown that an inter-
mediate orthorhombic phase can be identified,15,19 and it has been
experimentally observed in polycrystalline doped zirconia materials20

and nanosized pure zirconia crystals without external stress21 as well
as under stresses.22 However, it is unclear whether the orthorhombic
phase is an intermediate state between the t and m phases or whether
it is an alternative to the m phase.19,23 The complete description of the
phase transition of pure zirconia is beyond the scope of this paper;
however, we will show that this phase transition can be followed in situ
by recording the 3D distribution of the x-ray diffracted intensity in the
reciprocal space as a function of temperature. Throughout this paper,
we will illustrate the above-mentioned phase transitions by the in situ
observation of the high temperature splitting of the 111 cubic RLN.

During the cooling process from the liquid state, the first SPT cor-
responds to the transition between the m 3 m and the 4/m m m point

groups. Accordingly, the threefold h111i cubic symmetry axis is lost
through this c! t SPT. As illustrated in Fig. 1(a), this results in three
equivalent 111 tetragonal spots in the reciprocal space. The t! m SPT
promotes the transition between the 4/m m m and the 2/m point
groups. Therefore, it corresponds to the loss of two mirrors and the
transition from a fourfold to twofold axis. This corresponds to 2� 2
� 2¼ 8 possibilities, i.e., eight crystallographic variants. Considering
the respective crystal lattice orientation among c, t, andm phases25 and
the lattice parameters of each phase,14 one can easily compute the coor-
dinate of all RLNs in the reciprocal space, taking here Qx, Qy, and Qz

parallel to the axes of the parent cubic lattice. This is illustrated for one
of the tetragonal variants, and the locations of the eight associated
monoclinic RLNs generated by the t ! m SPT are reported in
Fig. 1(b). Finally, considering the two phase transitions, we get
3� 8¼ 24 monoclinic variants.24,25 In the monoclinic state, the 111
and 111 RLNs are not equivalent, and the respective norm of the recip-
rocal lattice vectors Q differs. Consequently, the monoclinic nodes are
distributed in two subsets, each with 12 monoclinic RLNs, located
either above (larger Q value) or below (smaller Q value) the three 111t
nodes [see Fig. 1(c)]. For each of the Q vector norm, the 12 monoclinic
RLNs are distributed into three subsets, each containing four nodes.
Finally, the diffracted intensities of monoclinic crystals are distributed
in six distinct parts of the reciprocal space, each containing four mono-
clinic nodes [see Fig. 1(c)], and they are located in three groups either
above or below the parent cubic 111 RLN. The exact positions of the
three tetragonal and 24 monoclinic RLNs depend on the cell parameter
values at the temperature under consideration. All along this paper,
these values are extracted from the thermal expansion laws established
in Ref. 14 and reported in Table I. Because the t! m SPT is consid-
ered here, only the laws determined for the cooling process are useful.
(Coefficients for heating have been found to differ slightly.14)

From the experimental point of view, the best way to illustrate
the relationships between twin crystals resulting from the phase transi-
tion process of a parent crystal is to find a situation where both phases
exist under given external conditions. In such a case, the phase transi-
tion can be directly observed by in situ experiments in the appropriate
region of the reciprocal space. Nevertheless, such a goal requires using
a polycrystalline sample containing a portion of the crystals in a meta-
stable state. In the present case, we have used dense bulk samples
of pure zirconia obtained from large sub-meter refractory blocks

FIG. 1. Splitting of the cubic zirconia 111 node (red square) through the c! t and t! m SPTs. (a) splitting of the 111c node into three 111t nodes (orange diamonds) through
the c ! t SPT. (b) Splitting of one of the 111t nodes into eight monoclinic nodes (blue diamonds), four 111m nodes and four 111m nodes. (c) Assuming the presence of the
three tetragonal variants, 24 monoclinic nodes are presents. The positions of all the nodes are calculated here for a temperature of 950 �C during the cooling process, accord-
ing to the cell parameters indicated in Table I.



fuse-casted by the Saint-Gobain company. After cooling, the material
consists in large areas of pure zirconia embedded in silica-based glass.
These sub-millimeter volume regions contain a very large number of
nanometer-sized crystals14,26,27 (e.g., see the TEM images shown Fig.
114,27). A full description of the relationship between the elaboration
process and the microstructure of this material has been reported
elsewhere.26

All 3D-RSMs were recorded at the French CRG beamline D2AM
installed at the ESRF (Grenoble, France). The layout and the capabili-
ties of this beamline for such measurements have been described else-
where.28 A 2D-detector (ImXPAD D5 Hybrid pixel detector,
560� 960 pixels, pixel size 130lm) was used, the energy of the x-ray
beam was fixed at 17.5 keV, and the distance between the sample and
the detector was�0.80 m. In this configuration, 2D slices of the recip-
rocal space can be recorded with convenient resolution without move-
ments of the detector. The full measurement of one 3D-RSM was
done by combining 600 2D-slices (x scans with 0.02� step), and this
took around 45min. We have used the QMAX furnace13 that was
mounted on top of a motorized goniometer head (four-axes, for
sample surface alignment) installed on the six-circles goniometer of
the beamline. The probed volume is defined by the size of the x-ray
beam, which was set to 300� 30lm2 (H � V). This corresponds
approximately to a square footprint (300� 300lm2) on the sample
considering the x-ray incidence angle. Taking into account the x-ray
energy, the depth of the probed volume can be estimated to be
100lm. Accordingly, “a sample probed by x ray” (gauge volume) has a
dense volume of about 9 � 106 lm3, which contains millions of nano-
sized crystals. Depending on the temperature and the orientation of this
gauge volume relative to the goniometer axis, some monoclinic or
tetragonal crystals diffract and contribute to the diffracted intensities in
each 3D-RSM. Using the X–Y cross translation stages located below the
goniometer head, it was possible to select without any doubt a gauge
volume that was filled at high temperatures with only one unique parent
cubic crystal.14 This was possible as one knows that the cubic domains
at high temperatures are well identified, surrounded by a glassy phase,
and millimetric in size,26 i.e., larger than the x-ray gauge volume.

As mentioned above, the t$ m transition of pure and perfect zir-
conia crystals without any stress occurs at 1170 �C. Reheating the
sample from room temperature to 1250 �C causes all the zirconia crys-
tals to transform into their tetragonal form.14 Cooling of the sample
induces the t! m transition, but due to the presence of a high level of
internal local stresses,27 at temperatures below 1000 �C, monoclinic
and tetragonal zirconia crystals coexist simultaneously, and the phase

transition of all the metastable tetragonal crystals is spread within a
temperature range of about one thousand degrees.14 Such a polycrystal,
which simultaneously contains two different structures of pure zirconia
crystals, is, therefore, a very good sample for the detection of phase
transition related twinning via in situ high temperature RSM. This situ-
ation is illustrated in Fig. 2(a), which has been recorded at 500 �C dur-
ing cooling. The figure clearly shows the presence of monoclinic nodes
around the central 111t node. At a given temperature, the phase transi-
tion nucleates in many different parts of the transforming crystal, i.e.,
the two phase transition processes (c! t and t! m) occur from dif-
ferent areas of the parent cubic crystal. Starting with a sub-millimeter
cubic single crystal, this leads to the emergence of very large numbers
of nanometer-sized tetragonal and monoclinic crystals.29 During 3D
reciprocal space mapping performed at a given temperature, some of
these crystals are in Bragg conditions for the {111}t, {111}m, or {111}m
planes and diffract. Therefore, the intensity distribution recorded in
the 3D-RSM comes from a large number of diffracting crystals. Given
the initial orientation of the cubic crystal, the orientation of each of the
monoclinic nanosized crystals is one of the 24 variants indicated in
Fig. 1. The calculated positions (white dots) of all the 24 monoclinic
RLNs are overlaid on the RSM recorded at room temperature [Fig. 2(b)].
The splitting of the 111t RLN depicted in Fig. 1 clearly agrees well with
the location of the intensity maxima observed in the 3D-RSM reported
in Fig. 2(b). The respective crystallographic orientations of two adjacent
monoclinic crystals correspond to one of the possible twin relationships
that arise between the two different variants. RSM imaging of the split-
ting around such a RLN during the temperature-induced phase transi-
tion illustrates the in situ twinning process.

It is worth noting that the intensity maxima observed in Figs. 2(a)
and 2(b) are accompanied by a significant diffuse scattering signal that
is distributed over a large portion of the mapped reciprocal space vol-
ume. Part of this diffuse scattering signal is certainly related to thermal
vibration of the atoms [the so-called thermal diffuse scattering (TDS)
signal]. Nevertheless, the temperature under consideration here is quite
low with respect to the liquidus pure zirconia temperature, and the
contribution of TDS cannot explain such a high level of the diffuse scat-
tering signal. We already demonstrated27 that the studied pure zirconia
crystals are subjected to huge stresses (GPa range) generated by the
SPTs, which induces a large amount of elastic strains. The presence of
the diffuse scattering signal may be related to the presence of this strain
field. As preliminary results, we report in Fig. 2(d) the 1D-intensity
distributions extracted from the RSM recorded at room temperature,
linking monoclinic RLNs in pairs at opposite positions relative to the
tetragonal 111 RLN [see Fig. 2(c)]. The cylinders are drawn so that they
all pass through the common center of the 111t cloud, and the angle
among cylinders 1, 2, and 3 is each 120� (from the loss of the threefold
symmetry axis). The 1D intensity distribution [Fig. 2(d)] presents
broad and intense diffuse scattering signals superimposed to the
observed diffraction maxima. Given that the crystals considered are
pure zirconia, no compositional fluctuation is possible. Consequently,
this diffuse scattering signal is probably associated with a continuous
change in the d-spacing that is directly linked to elastic strains. The evo-
lution of this signal as a function of temperature is not the subject of
this work and will be discussed in a forthcoming article.

In situ observations of c! t SPT in the pure zirconia polycrystal
are very challenging given the temperatures required for such observa-
tions and have never been performed to the authors’ knowledge.

TABLE I. Linear evolution of the monoclinic and tetragonal pure zirconia cell param-
eters as a function of temperature (�C) during cooling.14

Zirconia phases Cell parameters Thermal expansion laws (�C)

m-ZrO2 am (nm) 0.515þ 4.54� 10�6 T
bm (nm) 0.520þ 1.55� 10�6 T
cm (nm) 0.534þ 5.66� 10�6 T
bm (deg) 99.5 � 7.86� 10�4 T

t-ZrO2 at (nm) 0.509þ 4.89� 10�6 T
ct (nm) 0.521þ 5.69� 10�6 T



Nevertheless, as shown in Fig. 1(a), this SPT results in the formation
of three 111t RLNs near the initial 111c node. As mentioned before,
all the crystals in the gauge volume that were examined come from a sin-
gle cubic parent crystal. Accordingly, a reciprocal space map around the
calculated position of the 111c RLN at a given temperature must allow

for the observation of this threefold cubic axis splitting. The 3D-RSM
recorded at 1150 �C (Fig. 3) illustrates the c! t transition that occurs
during cooling, where all zirconia crystals are in the tetragonal form.
From the value of the cell parameters at this temperature,14 the theoret-
ical positions of the three 111t nodes can be calculated. These positions

FIG. 2. RSMs recorded near the pure zirconia 111t node, demonstrating the simultaneous presence of both tetragonal and monoclinic crystals generated through phase transi-
tion processes occurring in one unique cubic crystal during cooling from 1250 �C. (a) RSM recorded at 500 �C. The intensity maxima observed above and below the 111t node
are due to the diffraction of monoclinic crystals. (b) RSM recorded at room temperature including the calculated positions of the 24 expected monoclinic RLNs (white dots). (c)
Representation of cylindrical extractions of the diffracted and scattered signals. (d) 1D integrated intensity distributions of cylinders along the 1, 2, and 3 axes and with diameter
0.01 Å�1.

FIG. 3. Threefold splitting of the 111c node through the c! t SPT. RSM recorded in situ at 1150 �C and theoretical positions of the 111t RLNs [white dots superimposed to the
top view in (b)] at this temperature.



are superimposed on the experimental 3D-RSM shown in Fig. 3 and
qualitatively match the locations of the three measured diffraction
intensity maxima.

The setup described above allows following the t ! m SPT
during cooling in fine temperature steps (here, 5 �C). The complete
3D-RSM reconstruction of the evolution of the diffraction signal with
temperature is presented as a video in the supplementary material.
Some representative maps are reported in Fig. 4. Lowering the temper-
ature from 990 to 980 �C causes a significant portion of the tetragonal
crystals to transform into monoclinic. We have verified that the mea-
sured positions of the intensity maxima in the RSMs agree well with
theoretical positions, as already shown in Fig. 2(b). Below 980 �C, the

presence of both tetragonal and monoclinic zirconia crystals can be
clearly observed. One can also observe specific features at 975 and
970 �C with significantly more spots in the RSM than at higher and
lower temperatures. This behavior is related to the complexity of the
t! m phase transition process, possibly linked to the existence of an
intermediate orthorhombic state. More generally, it could also be due
to the preeminence of some of the 24 variants with respect to the
others. While a full discussion of this is beyond the scope of this paper,
observations like this illustrate the effectiveness of 3D reciprocal space
mapping at high temperatures in capturing fine structural evolutions.
As illustrated in Fig. 4, despite the high temperature, the evolution of
the 3D-RSM was followed continuously, implying that the probed

FIG. 4. In situ high-temperature observa-
tion of the splitting of the tetragonal 111
RLN during the tetragonal to monoclinic
phase transition in pure zirconia. qx is
between�0.2 and 0.2; qy is also between
�0.2 and 0.2; while qz is between �0.2
and 0.3. Image etiquettes (tick marks
along the axis) are every 0.1 Å.

https://www.scitation.org/doi/suppl/10.1063/5.0109058


volume remains in the same position relative to the incoming x-ray
beam and all the parts of the goniometer. As anticipated from Fig. 4,
the evolution of the 3D-RSM between 500 �C and room temperature
(not shown here) is smooth and related to the conventional cell
parameters’ thermal evolutions.

It is well-known that measuring the diffuse scattering signal near
or far from the Bragg peak is a method of choice for studying phase
transition processes in single crystals.30 The case of polycrystals is
more complex, but it is of particular interest since most of the materi-
als used in the industry are polycrystalline. It has been demonstrated
here that the mapping of the reciprocal space associated with the dif-
fraction by a polycrystal can be performed on a timescale well-suited
for the in situ probing of temperature-induced phase transitions. In
the field of applied condensed matter, samples are usually composed
of large number of three-dimensional crystals. Therefore, the associ-
ated reciprocal space is also three-dimensional. Any crystallographic
phenomenon that occurs during phase transitions is necessarily associ-
ated with some evolutions of at least one feature of the 3D-RSM
recorded in the vicinity of the crystals RLNs, and the signature of such
phase transitions can be observed by the experimental method detailed
in this work. Finally, as an in situ method, it, in principle, allows one
to capture any intermediate crystallographic state that may arise dur-
ing the phase transition processes.

See the supplementary material for video observation of the split-
ting of the 111 RLN as a function of the temperature recorded between
1250 �C and room temperature.
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