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Exploding and weeping ceramics

Hanlin Gu1,5 ✉, Jascha Rohmer2,5 ✉, Justin Jetter2 ✉, Andriy Lotnyk3,4 ✉, Lorenz Kienle2 ✉, 
Eckhard Quandt2 ✉ & Richard D. James1 ✉

The systematic tuning of crystal lattice parameters to achieve improved kinematic 
compatibility between different phases is a broadly effective strategy for improving 
the reversibility, and lowering the hysteresis, of solid–solid phase transformations1–11. 
(Kinematic compatibility refers to the fitting together of the phases.) Here we present 
an apparently paradoxical example in which tuning to near perfect kinematic 
compatibility results in an unusually high degree of irreversibility. Specifically, when 
cooling the kinematically compatible ceramic (Zr/Hf)O2(YNb)O4 through its 
tetragonal-to-monoclinic phase transformation, the polycrystal slowly and steadily 
falls apart at its grain boundaries (a process we term weeping) or even explosively 
disintegrates. If instead we tune the lattice parameters to satisfy a stronger 
‘equidistance’ condition (which additionally takes into account sample shape), the 
resulting material exhibits reversible behaviour with low hysteresis. These results 
show that a diversity of behaviours—from reversible at one extreme to explosive at the 
other—is possible in a chemically homogeneous ceramic system by manipulating 
conditions of compatibility in unexpected ways. These concepts could prove critical 
in the current search for a shape-memory oxide ceramic9–12.

A general strategy for improving the reversibility of solid–solid phase 
transformations in crystals, as measured by the width of the hyster-
esis loop6, by the migration of the transformation temperature1 or by 
transformational fatigue2,8,12, is to improve the geometric compat-
ibility of the phases. A typical situation for non-perfect compatibil-
ity, notable in martensitic materials but also present in oxides, is to 
observe a stressed transition layer between the transforming phases.  
This transition layer separates twinned martensite from austenite. 
A widely accepted idea for reversible transformations is that there 
is an equipartition between the elastic energy of the stressed transi-
tion layer and the total interfacial energy on the twin boundaries13–15. 
Improving geometric compatibility refers to strategies that decrease 
the elastic energy in these transition layers via tuning of the lattice 
parameters. The term supercompatibility refers to the complete elimi-
nation of these stressed transition layers.

As an example of behaviour possible under conditions of supercom-
patibility, we put forward Ti54.7Ni30.7Cu12.3Co2.3, which, in well-prepared 
macroscopic samples, undergoes 10 million cycles of full stress-induced 
transformation (in tension) under applied stresses of ∼400 MPa for 
each cycle, with no detectable change of the stress–strain curve2.  
The general strategy has been applied in metallic systems and recently 
with success in oxide systems9–11.

During a systematic search for reversible phase transformations and 
shape memory in ceramics based on improving geometric compat-
ibility, we encountered the unexpected behaviour described in the 
Abstract. The exploding samples evidently accumulated significant 
stress, despite a significant body of work cited above linking perfect 
compatibility and reversibility.

Other examples with different explanations advanced by the 
authors include an abrupt ‘jumping’ during reverse transforma-
tion in Cu12.2Al4.3Fe6.6Mn76.9 (ref. 16) and related effects in molecular 
crystals17–19. Many of these transformations have unusually low sym-
metry (for example, monoclinic to monoclinic), so that, with only a 
single variant, reversible twinning as a mechanism for stress relief 
is not a possibility. A classic example of extreme explosive behav-
iour is Prince Rupert’s drop (see refs. 20,21) obtained by quenching 
a glass drop; in this case, an externally imposed nucleation event 
is typically required. Our explanation for the diverse behaviours in 
the (Zr/Hf)O2(YNb)O4 system is quantitative and could be applied 
to other systems.

The system (Zr/Hf)O2(YNb)O4 shows the same phase transformations 
as bulk ZrO2, which exhibits a first-order monoclinic-to-tetragonal 
phase transformation at 1,170 °C and a tetragonal-to-cubic transfor-
mation at 2,370 °C. This high-temperature transformation plays no 
role in our studies. Our samples were polycrystalline with an average 
grain size of about 1.5 µm and equiaxed grains (Extended Data Fig. 1). 
The samples are chemically homogeneous as demonstrated by trans-
mission electron microscopy (Extended Data Figs. 2–6). There, X-ray  
spectroscopy and analysis in both direct and reciprocal space indi-
cate that short-range ordering or clustering of the metal atoms is not 
significant, either inside grains or at grain boundaries (see ref. 22).  
Our X-ray measurements in the system (ZryHf1-yO2)0.775(Y0.5Nb0.5O2)0.225 
are all consistent with a tetragonal-to-monoclinic phase transforma-
tion on cooling (Extended Data Figs. 7 and 8).

As now recognized in an increasing number of systems, the (Zr/
Hf)O2(YNb)O4 system has multiple lattice correspondences (Fig. 1), 
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which describe which atoms go where on transformation. This has 
been noticed by Hayakawa et al.23,24 for the tetragonal-to-monoclinic 
transformation in ZrO2Y2O3 and was confirmed by Pang et al.11 in the 
ZrO2CeO2 system. We were alerted to this possibility here by running 
the StrucTrans algorithm25. For the correspondences with the small-
est and next smallest strain, the algorithm yields essentially the two 
correspondences found by Hayakawa et al. and Pang et al. for our com-
positions. The only difference is that the algorithm gives two subcases 
for correspondence 1, labelled 1a and 1b in Figure 1. These correspond 
to switching the monoclinic a and c axes; however, they are not sym-
metry related.

Following measurements of lattice parameters on a limited set 
of compositions, we found that the compatibility between phases 
involving correspondence 2 could be significantly improved by 

increasing the Zr/Hf ratio. We did this, but rather than the expected 
lowering of hysteresis and improved reversibility, we observed 
exploding or weeping behaviour at the highest Zr/Hf ratio.  
The explosive behaviour on cooling through the transformation 
(Supplementary Video 1) typically resulted in the sample breaking 
into several pieces. Occasionally, specimens with a high Zr/Hf ratio 
jumped (Supplementary Video 2 and Extended Data Fig. 9), where 
the specimen is confined to a cylinder. Weeping is observed in Fig. 2a 
and in Supplementary Video 3. We confirmed by observations of the 
resulting powder in the scanning electron microscope that weeping 
corresponds to the gradual falling apart at the grain boundaries. 
On the other hand, consistent with work reported in ref. 8 (see also 
ref. 11), our observations showed reversible behaviour and the lowest 
hysteresis in this system at the composition y = 0.45 where a condition 
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Fig. 1 | Lattice correspondences and transformation stretch matrices.  
The three correspondences observed in the (Zr/Hf)O2(YNb)O4 system 
showing conventional unit cells. The stretch matrices Utet–mono define the linear 
transformations that map the tetragonal cell (red) to the monoclinic cell 
(blue), and their middle eigenvalues are listed in bold. The numerical values 

correspond to the composition (Zr0.45Hf0.55O2)0.775(Y0.5Nb0.5O2)0.225 having 
tetragonal lattice parameters a0 = 3.62263 Å and c0 = 5.25509 Å and 
monoclinic lattice parameters a = 5.17640 Å, b = 5.18976 Å, c = 5.37569 Å and 
θ = 98.58146°. The general structure of the stretch matrices is similar for all 
compositions studied, but the numbers vary with composition.
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we term the equidistance condition is satisfied (Fig. 2b and Supple-
mentary Videos 4 and 5).

These observations seem to contradict in several respects the 
accepted understanding of phase transformations. As a summary of 
the main points: the lowest hysteresis occurs at the equidistance con-
dition, which has no known significance; tuning correspondence 2 to 
satisfy quite closely conditions of supercompatibility results in higher 
hysteresis, and weeping or explosion, rather than the expected revers-
ible, lower hysteresis behaviour.

To understand these observations, we describe in more detail the 
analytical form of the conditions of compatibility. The transforma-
tion stretch matrix (Fig. 1) describes the linear transformation that 
maps the unit cell of the tetragonal lattice to that of the monoclinic 
lattice, and its middle eigenvalue is λ2. The condition λ2 = 1 is neces-
sary and sufficient for a perfect unstressed interface between aus-
tenite and a single variant of martensite. The strongest conditions 
of supercompatibility are the cofactor conditions, which imply the 
existence of many simple and complex interfaces between phases 
with zero elastic energy. The equidistance condition is the statement 
λ λ| − 1| = | − 1|2

(1a,b)
2
(2) , where the superscripts refer to the correspond-

ence and λ2 refers to the middle eigenvalue of the stretch matrix of 
that correspondence.

Figure 3a shows measured values (blue) of the width of the hys-
teresis loop ΔT = ½(As + Af – Ms − Mf) as a function of composition in  
(ZryHf1−yO2)0.775(Y0.5Nb0.5O2)0.225. These temperatures define the onset 
and completion of the phase transformation: austenite start (As),  
austenite finish (Af), martensite start (Ms), martensite finish (Mf). As seen 
from Fig. 3b, it is not possible by changing the Zr/Hf ratio to tune λ2 for 
correspondence 1a,b to 1; it is simply too far away (Fig. 3b, uppermost 
curve). However, it is possible, by increasing the Zr/Hf ratio, to tune λ2 
of correspondence 2 to near 1 (Fig. 3b, lowermost curve). We did this 
and found λ2 = 0.99215 at the highest Zr/Hf ratio of 100/0. However, 
rather than the expected lowering of hysteresis, we saw a rapid increase 
of hysteresis at these higher Zr/Hf ratios (Fig. 3a, blue) and the explod-
ing or weeping behaviour.

We argue that this unusual behaviour originates from the two par-
ticular correspondences in this system, the polycrystal nature of the 
specimens and previously unrecognized conditions of compatibility 

that occur at equidistance. To investigate possible new conditions of 
compatibility under the equidistance condition, we report in the Sup-
plementary Information a systematic analytical/numerical study, 
using measured lattice parameters for all compositions studied, of 
compatible interfaces between variants of the same correspondence, 
between variants of mixed correspondence and between all laminates 
of the same or mixed correspondence and the parent phase. As the 
equidistance condition involves both correspondences 1a,b and 2, 
our hypothesis was that the equidistance condition would imply new 
nongeneric compatible interfaces between variants of correspond-
ences 1a,b and 2. Our theoretical study reported in the Supplementary 
Information shows that this is not the case.

We checked, as part of this study, the cofactor conditions. Recall 
that these conditions imply many planar and complex stress-free 
interfaces between phases. The cofactor conditions were not exactly 
satisfied for any composition. However, they could be considered 
approximately satisfied at certain compositions. From a physical 
viewpoint, approximate satisfaction of the cofactor conditions has 
the interpretation that the free energy of transition layers between 
the laminate and the parent can be made small. A suitable measure 
of this energy is the maximum value of a certain quadratic function 
q f( )  for values of f  between 0 and 1 (Supplementary Section 2). 
Figure 3c shows this measure of satisfaction of the cofactor condi-
tions plotted versus composition. This correlates quite closely with 
the equidistance condition.

To understand the paradoxical explosive behaviour when the middle 
eigenvalue of the stretch matrix for correspondence 2 is tuned to 1,  
we write explicitly the list of stretch matrices for the four variants of 
correspondence 2 in equation (1).
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Fig. 2 | Frame sequences of martensitic transformation. a, Weeping on 
cooling in (Zr0.9Hf0.1O2)0.775(Y0.5Nb0.5O2)0.225. b, Reversible transformation in the 
composition (Zr0.45Hf0.55O2)0.775(Y0.5Nb0.5O2)0.225. The dashed line, added by 

hand, shows the approximate location of the interface. See Supplementary 
Videos 4 and 5 for additional clarity.
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have the same determinant, and they have a common eigenvector 
(0,0,1) with the eigenvalue β. Complex microstructures are possible 
using just these four stretch matrices because rigid rotations are 
allowed and each pair of variants is compatible across two different 
twin planes, giving altogether 12 twin planes. Numerous laminated and 
more complex microstructures are possible, also involving the other 
correspondences (Supplementary Section 1). However, by tuning 
λ 2

(2) to 1 we strongly favour transformation by correspondence 2.
Granted that correspondence 2 is favoured, we note that (on a con-

nected domain) the necessary and sufficient conditions for a defor-
mation to be a plane strain are that all stretch matrices satisfy the 
conditions: of having a common eigenvector/eigenvalue pair; and 
their determinants must be independent of the coordinate along that 
eigenvector26. This is true of the list in equation (1). In this case, the 
plane strain is a deformation in which every point must move in a plane 
perpendicular to the tetragonal c axis. Also, all points with the same 
a- and b-axis coordinates move with the same displacement. Despite 
numerous complex microstructures possible using just correspond-
ence 2, they are all plane strains.

While plane strain deformations are easily possible in a single crystal, 
they are highly incompatible at a grain boundary separating grains of 
nonparallel c axes. The incompatibility is appreciated by considering 
a point on the grain boundary. To be consistent with a plane strain of 
both grains, it must move in two nonparallel planes. Thus, it must move 
along the straight line at their intersection. Unless the grain boundary 
is exceedingly special, this motion will take it off the grain boundary, 
an impossibility without grain boundary migration, which does not 
occur at the conditions studied.

In the region y = 0.9–1.0, both weeping and exploding were observed. 
No consistent compositional dependence of these behaviours could 
be seen. However, specimens with a shape having a near planar surface 
allowing for good thermal contact with the cooling plate exhibited 
the more violent macroscale fractures. In addition, specimens with 
a relatively large-area thermal contact are expected to have higher 
total heat flux, and the resulting large, approximately planar stressed 
transition layers provide larger energy release rates for transverse 
planar cracks, which have a tendency to produce explosive motion.  
A heat transfer analysis given in the Supplementary Section 3 supports 
these expectations.

While these conclusions are supported by our measurements, 
our work highlights the need for a general theory of compatibil-
ity that includes both phase boundaries and grain boundaries, and 
a full-atomic-resolution experimental study of grain boundaries in 
transforming ceramics.

In this Article, we have presented three disparate behaviours—
exploding, weeping and reversible—demonstrated in the system  
(ZryHf1−yO2)0.775(Y0.5Nb0.5O2)0.225. We show that the reversible behav-
iour is due to near satisfaction of strong conditions of compatibility 
(equidistance) that can be exploited in other cases. We also propose 
that cases of exploding and weeping originate from the particular 
structure of the variants of martensite of correspondence 2 that imply 
plane strain deformations. While these behaviours seem at first to 
contradict accepted principles, in fact they serve to widen the set of 
theory-driven tools applicable in the search for reversible transforma-
tions in ceramics. These include texturing and approximate satisfac-
tion of the cofactor conditions. Our work also highlights the subtle 
interplay of multiple transformation correspondences. Taking our 
findings together, it is anticipated that these ideas will be important 
in the current worldwide search for a highly reversible shape-memory 
ceramic material.

Online content
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maries, source data, extended data, supplementary information, 
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Methods

Sample fabrication
Ceramic samples in the (Zr/Hf)O2(YNb)O4 system were fabricated by 
the conventional solid-state route. YNbO4 forms with ZrO2 a substitu-
tional solid solution, stabilizes the tetragonal zirconia phase to lower 
temperatures and therefore reduces the transformation temperatures. 
On the basis of the (ZryHf1−yO2)0.775(Y0.5Nb0.5O2)0.225 system, we produced 
a series of compositions with y = 0.3, 0.35, 0.4, 0.45, 0.55, 0.6, 0.7, 0.8, 
0.9 and 1.0.

The different raw powders of zirconium(IV) oxide (ZrO2; calcined, 
99%, ABCR), hafnium(IV) oxide (HfO2; 99% (metal basis excluding 
Zr), Zr < 1.5%, ABCR), yttrium(III) oxide (Y2O3; 99.9% Y, ABCR) and 
niobium(V) oxide (Nb2O5; 99.99% trace metal basis, Sigma-Aldrich) 
were weighed and mixed to achieve the desired composition, followed 
by a grinding procedure in a planetary mill at 210 r.p.m. for 24 h. ZrO2 
balls served as grinding media and hexane as a lubricant, resulting in 
an average grain size < 50 nm.

The samples were subsequently calcined at 1,400 °C for 5 h to 
improve the density and compact strength. Adding polyvinyl alcohol 
as a binder required additional heating in the drying cabinet to 80 °C 
for several hours. Afterwards, milling by hand and sieving (125 µm 
mesh size) was performed to attain a deagglomeration of the powder 
particles. Using cold uniaxial pressing, 500 mg of the powder was com-
pacted under 20 MPa load for 60 s into a pellet with a diameter of 6 mm 
and an approximate height of 5 mm. Without additional pressure, the 
green bodies were sintered in air in a two-step process. To eliminate 
residual carbon compounds, the green bodies were was pyrolysed at 
500 °C for 8 h. The temperature was increased with a heating rate of 
1 °C min−1, followed by a temperature increase of 6 °C min−1 to 1,500 °C 
for 3 h, at which the sample was finally sintered.

Thermal analysis and error bars
The transition temperatures were determined by differential thermal 
analysis with a Netzsch STA 409 Cell (room temperature to 1,400 °C). 
To cover a larger temperature range, the thermal analysis was extended 
by the use of differential scanning calorimetry (DSC) measurements 
performed with a NETZSCH DSC 204 F1 Phoenix (−150 to 600 °C) dif-
ferential scanning calorimeter. For all measured samples, the defined 
temperature profiles were controlled at a rate of 10 K min−1 during 
heating and cooling.

The transition temperatures are As, Af, Ms, Mf for the austenite and 
martensite start and finish temperatures, respectively. Thermal hys-
teresis is calculated by the equation ΔT = ½(As + Af − Ms − Mf). To obtain 
the transformation temperatures from the DTA or the DSC results, the 
method (intersection between the baseline–tangent and the tangent of 
the inflection point) was applied. DSC measurements were performed 
for samples with transformation temperatures below 600 °C, while DTA 
measurements were conducted for samples with y = 0.55 and lower.  
To ensure consistency between different samples and owing to a migra-
tion in transformation temperatures on repeated transformation, it is 
important to note that the measurements shown in this paper were taken 
from the first transformation cycle after sintering, with the exception of 
y = 1 owing to its stable tetragonal room-temperature phase. In the DSC 
measurements, a pan with a pierced lid was used; an empty one was taken 
as a reference material. In the DTA measurement, Al2O3 crucibles serve 
as containers. The reference material consisted of inert Al2O3 beads.

Owing to limited data, it was not possible to obtain meaningful sta-
tistical distributions to determine error bars in Fig. 3a. The error bars 
were therefore determined as follows: for measurements on a given 
sample, the maximum range of measured transformation temperatures 
of a given type (for example, |max As – min As|) was calculated. These 
ranges were then averaged over all measured samples, giving the length 
of the error bar (MR = ±19 K) as an estimated quantity, reflecting the 
mean range over all measurement results.
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Here y indicates the synthesized composition and N = 17 is the num-
ber of all measurements performed by thermal analysis.

Temperature-dependent X-ray diffraction measurements
General and temperature-dependent X-ray diffraction (XRD) meas-
urements (Extended Data Figs. 7 and 8) were executed with a Rigaku 
SmartLab 9 kW system. The X-ray source generates Cu radiation with 
a wavelength of λ = 1.5406 Å. The system was operated at 45 kV and 
200 mA with parallel beam optics and a two-dimensional array detector 
(HyPix-3000) on the receiving side running in one-dimensional mode. 
The XRD device is equipped with a domed heating stage (Anton Paar 
DHS1100) for in situ heating experiments. For temperatures below 
room temperature, a domed (Anton Paar DCS350) cooling stage was 
used.

In the high-temperature XRD experiments, a parallel beam geom-
etry was chosen and 𝜃/2 𝜃 scans were performed in the range of 15° to 
75°. The following measurement parameters were used: step width, 
0.04°; scan speed, 4° min−1; incident slit, 0.4 mm; receiving slit 1 and 
2, 3.5 mm.

The XRD scans are used for determination of the lattice parameters 
in the monoclinic low-temperature and tetragonal high-temperature 
phase. To determine the different lattice parameters and the evo-
lution of the molar phase fraction, we collect data at several tem-
peratures. The heating and cooling to the intended temperature 
occurred at a rate of 20 K min−1 followed by a 30-s holding step before 
measurement.

Data analysis by Rietveld refinement
The Rietveld method was used for extraction of lattice parameters in the 
TOPAS v6 software by Alan Coelho. The Crystallographic Information 
File specifying the crystal structure was taken from the Crystallographic 
Open Database with modifications for monoclinic ZrO2, tetragonal ZrO2 
and customizing the occupation probability at the Zr and Hf atomic 
coordinates. The tetragonal phase was refined in the P42/nmc space 
group and the monoclinic phase was refined in the P21/c space group. 
Gaussian and Lorentzian stress parameters were implemented for both 
crystal structures to correct the peak shape of the calculated diffrac-
tion curve. As we could identify a preferred (11-1) orientation of the 
monoclinic phase in the sintered sample caused by uniaxial pressing, 
this peak was considered during refinement.

Determination of transformation temperatures
The transition temperatures determined by DSC or DTA serve to set 
the temperature steps during in situ high-temperature XRD meas-
urements, but transition temperatures deviate from those observed 
in the in situ experiments (up to 20 °C). The measured temperature 
of the thermocouple is taken below the hotplate of the stage and 
does not represent the real temperature of the interaction volume 
of the X-rays. Therefore, it is necessary to select an appropriate 
transformation temperature, which is used as a reference point for 
the λ2 calculation of both lattice correspondences. In addition to 
the lattice parameter, the Rietveld method also yields the molar 
phase fraction for each phase. We used the fitting feature of the 
Origin 2017 software and defined an appropriate function 
f x x( ) = tanh( ) to trace the monoclinic phase fraction with temper-

ature change. By detecting the inflection point of the twice differ-
entiable function
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f x d d d x d( ) = + + tanh( (− + ))0 1 2 3

we defined the transition temperature. This defines two transformation 
points per sample, one at the monoclinic-to-tetragonal transformation 
and another at the reverse transformation from the tetragonal to the 
monoclinic phase.

Possible rate effects
To check whether ordinary thermal stresses and relaxation or rate 
effects of the phase transformation played an important role, we saved 
a specimen that was part of a larger specimen whose martensite start 
temperature Ms was measured previously (3 times, for 3 separate pieces) 
to be between 0 and 5 °C. This specimen is in a high Zr compositional 
range where exploding/weeping are expected (wide grey-shaded 
region in Fig. 3). The saved specimen was held at approximately 21 °C 
for 94 days. We subjected this specimen to a cooling experiment seen 
in Supplementary Video 6. As can be seen from the video, this specimen 
jumped at 8 °C. This result further supports the assertion that neither 
ordinary thermal stresses nor rate effects are playing a prominent role. 
This result indicates that the stress that causes fracture is a direct result 
of the phase transformation.

Investigation of chemical homogeneity
The atomic-resolution transmission electron microscopy (TEM) stud-
ies reported in Extended Data Figs. 1–6 were carried out on a probe 
Cs-corrected Titan3 G2 60-300 microscope operating at 300 kV 
accelerating voltage and equipped with an extreme field emission 
gun high-brightness electron source. High-angle annular dark-field 
imaging was performed using an 80–200 mrad annular range for the 
high-angle annular dark-field detector. A probe-forming aperture of 
20 mrad was used for imaging and for energy-dispersive X-ray (EDX) 

analysis. EDX maps were acquired with an FEI Super-X EDX detector 
system. The beam currents were limited to about 150 pA during the 
EDX mapping. The preparation of the cross-sectional specimen for 
TEM investigations was performed by a combination of focused gallium 
(30 keV, 15 keV, 5 keV and 2 keV) using a Zeiss Auriga dual beam system.

Data availability
The raw data that support the findings of this study are available at 
https://archive.materialscloud.org with the identifierhttps://doi.
org/10.24435/materialscloud:6c-hk. 
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Extended Data Fig. 1 | Microstructure and grain size. (a) SEM image of the 
sample y = 0.5 with monoclinic twin laminated microstructure, showing the 
untreated sample surface directly after sintering, and (b) the fractured surface 
of the same sample. (c) Typical transformed material from a weeping sample 
that shows separation at the grain boundaries.
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Extended Data Fig. 2 | Chemical homogeneity and absence of short-range 
ordering (crushed). The micrographs of the microstructural and nanoscale 
investigations are TEM and HRTEM images as well as SAED and NBED patterns 
of the (Zr0.9 Hf0.1 O2)0.775 (Y0.5 Nb0.5 O2)0.225 (weeping) sample prepared by 

crushing. No additional reflections are observed in SAED and NBED patterns 
beyond those due to dynamical double diffraction. Also no additional 
reflections are seen in the FFT images.



Extended Data Fig. 3 | Chemical homogeneity and absence of short-range 
ordering (FIB). The micrographs of the microstructural and nanoscale 
analysis are HAADF-STEM and HAADF-HRSTEM images as well as SAED and 
NBED patterns of the (Zr0.9 Hf0.1 O2)0.775 (Y0.5 Nb0.5 O2)0.225 (weeping) sample, 

prepared by FIB. No additional reflections are observed in SAED, NBED 
patterns (only from dynamical double diffraction) as well as FFT images. 
Low-magnification HAADFM and atomic-scale HAADF micrographs are raw 
images, showing no significant intensity variation.
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Extended Data Fig. 4 | Chemical homogeneity, crushed sample. Nanoscale chemical study of a (Zr0.9 Hf0.1 O2)0.775 (Y0.5 Nb0.5 O2)0.225 (weeping) sample, prepared by 
crushing. The images are HAADF-HRSTEM micrograph and high resolution EDX elemental maps, suggesting a uniform distribution of elements.



Extended Data Fig. 5 | Chemical homogeneity, FIB sample. Nanoscale chemical analysis of a (Zr0.9 Hf0.1 O2)0.775 (Y0.5 Nb0.5 O2)0.225 (weeping) sample prepared by 
FIB. The images are HAADF-HRSTEM micrograph and high resolution EDX elemental maps, suggesting a uniform distribution of elements.
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Extended Data Fig. 6 | Chemical homogeneity and structure at grain 
boundaries (FIB). Nanoscale study and local chemical analysis of a grain 
boundary of a (Zr0.9 Hf0.1 O2)0.775 (Y0.5 Nb0.5 O2)0.225 (weeping) sample prepared by 
FIB. The micrographs are HAADF-STEM and HAADF-HRSTEM images as well as 

high resolution EDX elemental maps of the sample. Atomic-resolution HAADF 
micrographs are raw images, showing no significant intensity variation along 
the grain boundary (GB). The high resolution EDX maps suggest no significant 
element segregation at the grain boundary.



Extended Data Fig. 7 | Structure by X-Ray Diffraction with Rietveld 
Refinement. XRD diffraction pattern and calculated fit after Rietveld 
refinement (Top) with Topas software. The diagram at the bottom (Residual) 
shows the difference in intensity between the measured and calculated 
diffraction pattern. The sample in plot a) has a phase transformation above 
room temperature (RT) and is in the monoclinic phase, whereas the phase 
transformation of the sample in plot b) is below RT, so the pattern shows the 
tetragonal crystal structure. The low Rwp values, representing the goodness of 
the fit, indicate the quality of the Rietveld refinement. Temperature dependent 
measurements were conducted with a graphite domed heating stage. In c) the 

sample y = 0.9 is in its monoclinic phase, while in d) the measurement was taken 
at 415 °C following the monoclinic to tetragonal phase transition. The stage 
appears in the measured XRD pattern with additional peaks that were 
identified and excluded from the refinement done on the parameters of the 
physical phases. The resulting higher Rwp values compared to a) and b) can be 
explained by the reduced intensities due to limited transmissibility of the 
graphite dome used in these cases. Each measurement is refined up to 
1000 times with different varied starting parameters with only the best fit 
being used for further calculations.



Article

Extended Data Fig. 8 | Temperature dependent XRD measurements. 
Temperature dependent XRD measurement of the sample y = 0.8 with domed 
heating stage showing the phase transformation on heating and cooling. Upon 
heating, the characteristic tetragonal peak starts to grow at the austenitic start 
temperature and the monoclinic peaks are vanishing. At temperatures far 
above Af we force transformation of the residual phase. During cooling to 30 °C, 
we observe the reverse transformation (t-to-m) of the sample. These 
measurements are the basis to obtain the lattice parameter of the monoclinic 
and tetragonal phases by Rietveld refinement, to determine the temperature 
dependent change of these lattice parameters and to calculate the middle 
eigenvalues λ2 of the transformation stretch matrix for the lattice 
Correspondences 1a, 1b and 2.



Extended Data Fig. 9 | Frame sequence of explosive behaviour. In a sequence of frames, the Fig. shows the path of a jumping ceramic confined to a cylinder.  
This jump is also shown in Supplementary Video 2.
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