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Revealing the ductility of nanoceramic MgAl2O4 

Bin Chen1,a), Yuanjie Huang1 , Jianing Xu1 , Xiaoling Zhou1 , Zhiqiang Chen1 , 
Hengzhong Zhang1 , Jie Zhang2 , Jianqi Qi2 , Tiecheng Lu2 , Jillian F. Banfield3 , 
Jinyuan Yan4 , Selva Vennila Raju4 , Arianna E. Gleason4,b), Simon Clark4 , 
Alastair A. MacDowell4 
1 Center for High Pressure Science & Technology Advanced Research, 
Pudong, Shanghai 201203, China 2 Department of Physics, Sichuan 
University, Chengdu, Sichuan 610064, China 3 Department of Earth and 
Planetary Science, University of California, Berkeley, California 94720, USA 4 
Advanced Light Source, Lawrence Berkeley National Lab, Berkeley, California
94720, USA a)Address all correspondence to this author. e-mail: 
chenbin@hpstar.ac.cn b)Present address: SLAC National Accelerator 
Laboratory, Menlo Park, CA 94,305, USA.

Abstract

Ceramics are strong but brittle. According to the classical theories, ceramics 
are brittle mainly because dislocations are suppressed by cracks. Here, the 
authors report the combined elastic and plastic deformation measurements 
of nanoceramics, in which dislocation-mediated stiff and ductile behaviors 
were detected at room temperature. In the synchrotron-based deformation 
experiments, a marked slope change is observed in the stress–strain 
relationship of MgAl2O4 nanoceramics at high pressures, indicating that a 
deformation mechanism shift occurs in the compression and that the 
nanoceramics sample is elastically stiffer than its bulk counterpart. The bulk-
sized MgAl2O4 shows no texturing at pressures up to 37 GPa, which is 
compatible with the brittle behaviors of ceramics. Surprisingly, substantial 
texturing is seen in nanoceramic MgAl2O4 at pressures above 4 GPa. The 
observed stiffening and texturing indicate that dislocation-mediated 
mechanisms, usually suppressed in bulk-sized ceramics at low temperature, 
become operative in nanoceramics. This makes nanoceramics stiff and 
ductile.

Introduction

Ceramics are typically resistant to heat, wear, and corrosion, and thus have 
been widely used in a range of applications that include kitchen wares, 
dental implants, lasing materials, missile domes, and the protective tiles of 
space shuttles. However, ceramics are brittle. Ductility, a valued 
characteristic of many metals, is rarely seen in ceramics at room 
temperature. Ceramics break easily and therefore are limited in their use for 
high-stress applications. If their brittleness can be overcome, their 
applications could be much expanded. To achieve ductility in ceramics, 
making ceramics with nanocrystals has attracted a lot of interest in the last 
several decades [1, 2, 3, 4]. Since the late 1980s, many researchers have 
proposed that brittle ceramics, which lack sufficient dislocation activity, may 



exhibit improved ductility in the nanometer range because of greatly 
increased diffusivities [2, 5, 6].

The deformation of nanocrystalline materials remains controversial [7, 8, 9, 
10, 11, 12, 13, 14, 15, 16, 17]. It is generally believed that due to the lack of 
defects, the deformation of nanocrystals is viewed to occur by homogeneous
deformation mechanisms, and their phase transitions as involving a single 
nucleation site [18, 19]. Postdeformation analysis of compressed or indented
nanocrystalline nickel does not indicate major dislocation debris [7], whereas
dislocations are observed in 10-nm nickel and 9-nm platinum particles [8, 9].
Deformation twinning and disclination have also been reported in several 
studies on nanocrystals [10, 11, 12, 13, 14]. Based on the classical concept 
of Cottrell that below a critical grain size, the stress required to nucleate 
cracks is less than the stress needed to propagate them, ductility can be 
expected in nanoceramics [20]. It is believed that dislocation activity is 
suppressed in nanoceramics [3], and many have hypothesized that 
enhanced diffusivities would result in ductility in nanoceramics [2, 5, 6]. 
However, because of technical limitations, in situ observations of plastic 
deformation in fine nanoceramics are difficult, precluding the direct 
exploration of deformation mechanics at nanometer scales. Primary 
mechanisms for the ductility of nanoceramics, and how different elastic and 
plastic deformation behaviors are compared with bulk (i.e., micrometer-sized
grains) ceramics, remain elusive. The goal of this study is to examine the 
deformation of nanoceramics and to determine how the stiffness of ceramics
change with particle size reduction and whether a dislocation mechanism 
can, in fact, be dismissed in favor of diffusion as the dominant plasticity-
controlling mechanism. Currently, no methods exist for directly mapping 
strain fields within nanomaterials at high pressure [21]. Here, we assess the 
strain fields and defect activities of nanocrystals through a combination of 
axial and radial diamond-anvil cell (DAC) X-ray diffraction (XRD) experiments
of spinel nanocrystals.

Results and discussion

Axial DAC XRD

Spinel represents one of the most important structure groups in ceramics. Its
rheological properties have a wide range of implications to multiple fields, 
from materials science to Earth science [22, 23, 24]. We choose the 
archetypal end-member magnesium aluminate (MgAl2O4) spinel mainly 
because its normal, ordered spinel structure ([Mg]8

IV [Al]16
VI O32) is stable over

a wide pressure range and the lack of pre–phase-transition disordering 
allows us to focus on pressure-induced microdeformation mechanisms. 25-
nm MgAl2O4 was compressed to ∼43 GPa in a DAC at room temperature (Fig. 
1). At ambient conditions, the lattice parameter a was measured to be 8.096 
± 0.003 Å, in excellent agreement with previous results [25, 26]. The lattice 
strain initially changes approximately linearly with pressure between 0 and 
∼20 GPa [Fig. 2(a)]. At higher pressures, the slope of the pressure versus 



lattice strain trend increases, implying that a change in the deformation 
mechanism has occurred. In contrast, for bulk MgAl2O4 crystals, the stress–
strain relationship is nearly linear over the pressure range to 40 GPa [25], 
implying that the deformation mechanism does not change in the pressure 
range of the study.



The bulk modulus (the inverse of compressibility), a measure of how the 
volume of a material changes during elastic deformation, can be determined 
from the changes in the lattice parameters with pressure. The unit cell 
volume as a function of pressure was fitted with the Birch–Murnaghan 
equation of state [Fig. 2(b)].

We determined the lattice parameter of MgAl2O4 at each pressure with 
MAUD, a Rietveld refinement program [27], and analyzed the data in terms 
of the Birch–Murnaghan equation of state [28],

(1)

where V/V0 is the ratio of unit cell volume at pressure P and ambient 
pressure. K is the zero-pressure bulk modulus, and K′ is the pressure 
derivative of the bulk modulus.

We obtained the zero-pressure bulk modulus (K) and its pressure derivative 
(K′) to be 148 ± 6.3 GPa and 15.8 ± 1.0, respectively. Rather than indication 
of the second-order phase transition, the extremely large value of K′ is 
possibly related with a pressure-induced shift in compressional mechanism, 
which is identified as occurring near 20 GPa based on the deviation between 
the nanocrystal data and the bulk data (Fig. 2). Therefore, we separate the 
dataset into two discrete pressure regimes: low-pressure and high-pressure, 
and apply a Birch–Murnaghan equation of state to each regime. From the 
equation-of-state fits to the low- and high-pressure regions of our data, we 
obtained a K of 181 ± 7.1 GPa and K′ of 7.3 ± 0.5 for the pressure range 0–
20 GPa, and 285 ± 9.3 GPa and 4.4 ± 0.3 for 20–43 GPa. Compared with 
previous results for bulk MgAl2O4 (K of 196 ± 1.0 GPa and K′ of 4.7 ± 0.3) 
(Refs. 25 and 26), the nanoceramic sample has a close compressibility to 
that of its bulk counterpart at low pressures, but becomes markedly less 
compressible at higher pressures.



Some well-known models for nanomechanics, such as strain gradient 
plasticity [29] and dislocation source starvation [30], seem not applicable to 
this case, because no strain gradients can be well examined, and we actually
tend to suspect that dislocations are more favored in nanoceramics than bulk
counterparts. The observed lattice stiffening indicates a deformation 
mechanism transition, which suggests that crystal defects could be induced 
by stress in the nanoceramic sample. To evaluate the hypothesis that a 
defect-mediated mechanism generates discontinuity in the pressure 
dependence of strain [Fig. 2(a)], the linewidths of several representative 
diffraction peaks were analyzed (Fig. 3). Peak broadening is generated by 
several factors, including instrumental broadening, grain size effects, and 
stress (microstrain)-induced broadening [31]. A standard material, LaB6, was 
used to characterize the instrumental broadening. The peak broadening of 
unstressed samples was used to confirm the particle size that was measured 
with electron microscopy. Thus, the observed peak broadening can be 
ascribed to local stresses produced by inhomogeneous strain. Based on 
previous studies [31], we infer that dislocation effects are reflected in the 
peak profiles.

The  peak  profiles  were  fitted  with  a  pseudo-Voigt  function  [32].  The
pseudo-Voigt function is an approximation of the Voigt line shape by the sum
of  a  Gaussian  and  a  Lorentzian  function.  It  can  fit  both  symmetric  and
asymmetric  peaks.  To  reflect  the  contribution  from the inhomogeneously
strained lattices of materials, the peak centers and widths of the Gaussian
and Lorentzian components are allowed to vary independently within the fit.
The fit function is written as



(2)

where (xG, xL) and (FWHMG, FWHML) are the peak centers and widths of 
Gaussian and Lorentzian components, respectively. A, η, and y0 are fit 
coefficients.

The Gaussian centers and linewidths vary smoothly with pressure, and so the
Gaussian component reasonably represents the homogeneous strain in the 
nanocrystals and the effect of pressure gradients across the nanocrystalline 
aggregate. Larger variations are seen in the Lorentzian components, as 
would be expected for pressure-induced inhomogeneous strain fields. The 
shift in the pressure dependence of the peak positions and widths indicates 
the onset of plastic deformation (Fig. 3). The combination of the peak 
broadening of the Lorentzian components and the decreased compressibility 
of the nanocrystals implies that defects within the nanocrystals have shifted 
the local strain fields. Hysteresis in the inhomogeneous strain fields on 
decompression also indicates that pressure-induced defects are incompletely
removed during decompression (Fig. 3). Peak symmetry is recovered upon 
complete quenching, and this observation further shows that strain 
inhomogeneity causes the asymmetry of diffraction peaks at high pressure. 
Reversible peak broadening also indicates that no permanent change in 
crystallite size and shape resulted from compression; hence, pressure-
induced coarsening/fracturing of particles appears not to take place in 
MgAl2O4 nanocrystals. However, the radial diamond-anvil cell (rDAC) XRD 
(Fig. 4) results presented in the next section capture the dislocation-
mediated texturing in the nanocrystal samples, which may suggest that the 
shear stresses in these aDAC XRD (Fig. 5) experiments are not large enough 
because of the use of the pressure medium. In a recently reported study, the
increase in defect intensity in the deformed indium pillar was probed with 
Laue diffraction peak broadening. This technique could be useful for further 
exploring the defect evolution of nanoceramics [34].



The pressure-induced shifts and broadening of the Gaussian components of 
different peaks are quite similar, indicating that they reflect homogeneous 
and isotropic deformation (Fig. 3). In contrast, the Lorentzian components of 
the different diffraction peaks behave differently, indicating the presence of 
anisotropic inhomogeneous deformation.

The asymmetry of the different diffraction peaks increases with pressure 
(Fig. 3). Up to ∼20 GPa, the Gaussian and Lorentzian components have both 
the same centers and linewidths [Fig. 3(b)], showing that the peak profiles 
are symmetric and that the strain distribution in each of the nanocrystals is 
homogeneous. On further compression, substantial deviations are seen 
between the peak centers and the linewidths of the Gaussian and Lorentzian 
components of the (400) peak. Similar deviations are also seen at higher 
pressures for the (220), (311), and (111) peaks. Thus, strain inhomogeneity 



in these nanocrystals appears to increase greatly between 23 GPa and the 
highest pressure.

The onset of asymmetric peak broadening occurs for the (100) peak at >23.5
GPa, followed by (110) at >27.1 GPa, (311) at >31.4 GPa, and (111) at >35.0
GPa. The abruptly increased peak broadening above these pressures is not 
likely to be due to pressure gradients across the nanocrystal aggregates, nor
is it readily attributed to a bulk crystallographic distortion (such as a 
transition to lower symmetry) because the onset of such a crystallographic 
distortion is usually coherent and is unlikely to span a >12 GPa pressure 
range. Instead, we infer that the variable onset of peak broadening is due to 
strain fields generated as defects with differing preferred orientations are 
activated at varying critical stresses. Crystals usually contain a mixture of 
edge and screw dislocations. Weak-beam dark-field microscopy reveals that 
in MgAl2O4 full-edge dislocations can dissociate into partial dislocations [35]. 
The dissociation spacing can be as small as 10 nm. Dislocations move 
through the lattice and create regions of compressive, tensile, and shear 
stresses. The enhanced broadening of the (111) peak is seen at much higher 
pressure than for the other peaks. Thus, the critical stresses associated with 
pressures of less than 35 GPa mainly generate dislocations with preferred 
slip within the {111} plane.

The relative intensity of diffraction lines also varies with pressure [Fig. 3(c)], 
as is anticipated from the generation of defects during compression causing 
a shift in structural order. The Burgers vectors and dislocation lines lie 
preferentially on {111}, so dislocation-associated disordering affects the 
(111) diffraction line the least. The intensities of the other diffraction lines 
are more affected by compression. As a consequence, the relative intensity 
of the (111) peak increases with pressure with respect to the other peaks 
[Fig. 3(c)].

rDAC XRD

To have experimental evidence for the dislocation activity in the 
nanoceramics, we conducted high-pressure texturing measurements with 
rDAC XRD techniques (Fig. 4). Deformation texturing is known to originate 
from dislocations [24, 36]. Plastic deformation by dislocation glide results in 
crystallite rotations, generating lattice preferred orientation or texture. We 
deformed MgAl2O4 samples nonhydrostatically in a panoramic diamond-anvil 
cell. The particle sizes of the MgAl2O4 samples are 25 ± 7 nm for nano-sized 
samples and 3 ± 0.8 µm for bulk-sized samples. No systematic variations in 
diffraction intensity are seen for the bulk-sized sample. In contrast, modest 
but resolvable intensity variations are observed in the nanoceramic sample 
above 4.0 GPa (Fig. 6).



Rietveld refinement, implemented in the MAUD software [27], was used to 
analyze the differential stress, microstructure, and texture of the samples at 
each pressure. Texture is represented with inverse pole figures of the 
compression direction (Fig. 6); these show the probability of finding the poles



(normal) to lattice planes in the compression direction. Texture strength, the 
degree of lattice preferred orientation, remains unchanged at about 1 
multiple of random distribution (m.r.d.) over the entire pressure range. 
Hence, no resolvable texture in the bulk ceramics evolves at pressures up to 
37 GPa. In the experiment with the nanoceramic particles, texture starts to 
develop at 4.0 GPa with 1.27 m.r.d. On further compression to 36 GPa, the 
highest pressure of the measurements, the texture strength of the 
nanoceramics increases to 2.22 m.r.d. The observed texturing indicates that 
dislocation-mediated plastic deformation is active in the nanoceramics when 
high external pressures are applied. It is known that dislocation glide on 
preferred slip systems gives rise to crystallographic texture, whereas grain 
rotation by grain boundary (GB) sliding alone randomizes the grain 
orientation distribution [17]. Previous studies have established that the 
deformation texturing of nanocrystals arises from dislocations, not from GB 
processes.

The physics governing the observed pressure-promoted stiffening and 
texturing in nanoceramics can be understood from the effect of pressure on 
dislocations. According to dislocation theory [37], stress can promote the 
retention of dislocations by decreasing their equilibrium distances and the 
distances between dislocations and the interfaces (Fig. 7). An external shear 
stress of 0.44 GPa (which is equivalent to an external pressure of 18 GPa in 
our axial DAC XRD experiment) could counteract the repulsion between 
dislocations and allow them to move within 10 nm of each other, as long as 
other effects do not impede dislocation motions and interactions. The 
estimation of image force and dislocation interaction includes straight edge 
dislocations chosen for the estimation of dislocation–dislocation interaction, 
for simplicity. The force per unit length of two edge dislocations separated by

a distance of ldd is  (Refs. 37 and 38). In the estimation of the 
interaction force, published values, 62.9 GPa (Ref. 39), 0.35 (Ref. 40), and 
0.286 nm (Ref. 41), are used for the shear modulus (G), Poisson’s ratio (ν), 
and Burgers vector (b) of MgAl2O4, respectively. The image force (the 
interaction between a dislocation and a surface/interface) on per unit length 
of an edge dislocation at a distance of lds from the particle surface is

 (Refs. 37 and 38). The applied stress needed for canceling out 
the dislocation interaction force or image force is σext = f/b (Ref. 38). 
Although more complicated dislocations may exist, the simplified calculation 
above is useful for a rough estimation of the dependence of dislocation 
concentration on compression.



Because of nonhydrostaticity and different elastic strengths of nanocrystal 
cores and surface regions, external pressure induces shear stress within 
nanocrystals [42, 43]. At each compression, the pressure was measured at 
multiple spots across the sample. Shear stress was estimated by using the 

empirical formula,  (Ref. 43). The gasket thickness was 
assumed to be 10–30 µm. These values are underestimated because the 
elastic strength difference of nanocrystal cores and grain boundaries was not
included in the estimation.

The dislocation density of MgAl2O4 at ambient conditions was reported to be 
of the order of 1012 m−2 (Ref. 41). So, at room pressure, an MgAl2O4 particle 
of size 20 nm contains 1012 m−2 × π(10 nm)2 ≈ 0 dislocations. Under an 
external shear stress of 0.44 GPa, dislocations can be pushed as close as 10 
nm to one another. Assuming there are only full-edge dislocations for 
simplicity, the dislocation density can be 4/[π(10 nm)2] ≈ 1016 m−2.

Because of the solidification of the pressure medium, the pressure in the 
axial DAC experiments is nonhydrostatic above 10 GPa. In the current study, 
the sample was compressed to 43 GPa, which should be sufficient to 



generate the shear stress needed to produce dislocation microstructures 
even within the nanocrystals (Fig. 7). Because no pressure medium was used
in the texturing experiments, shear stress was generated even at low 
pressures. According to the MAUD calculations, at 4 GPa (the external 
pressure), the shear stress in the nanoceramic sample is ∼0.92 GPa 
(extracted from the differential strain of the crystal lattices) in this radial 
DAC XRD experiment.

Previous studies suggested that nanoceramics are expected to exhibit 
enhanced diffusional creep because of their greatly increased creep rate 
associated with grain boundary diffusion [2]. Therefore, the conventional 
belief is that the enhanced diffusional activities would make nanoceramics 
less brittle. The contribution of diffusion cannot be assessed in this study, but
the crystallographic dependence of texturing suggests that the deformation 
texturing is not arising from diffusion. The observed texturing in the 
nanoceramic sample indicates that dislocation mechanisms provide a 
significant mechanism of plastic deformation in nanoceramics. Although the 
textures formed at high pressure are quenchable, dislocations usually cannot
remain in nanocrystals when no external shear stresses sustain them, so 
postdeformation measurements may not constrain dislocation-associated 
deformation in nanoceramics. In contrast, although dislocations can exist in 
bulk-sized ceramics, they tend to not move as rapidly in ceramics as they do 
in metals. This limits the amount of energy that can be dissipated ahead of a
growing crack by plastic flow, resulting in brittle failure [1]. The stress 
needed for the nucleation and propagation of cracks is lower than that for 
dislocations, so fracturing processes are more favorable, and dislocation 
mechanisms are not operative. Although grain fracturing may occur under 
pressure, the compression behavior of bulk ceramics appears to involve 
purely elastic deformation over a relatively large pressure range (Fig. 2).

In the nanoceramic sample, dislocations are not suppressed by cracks, as 
indicated by the observed texturing. The frictional-wear mechanism–
associated crack growth was reported in grain-bridging ceramics [44]. 
However, no cracks seem nucleating in the MgAl2O4 nanocrystals [Fig. 3(b)] 
in our experiments, although stepwise compression could be treated as 
escalating cyclic loading. Finite element analysis, which has been 
successfully applied to the crack behaviors in accumulative roll-bonded 
Cu/Nb nanolaminates [45], could be useful for understanding the crack–
dislocation transition in ceramics. Dislocations usually change the stress and 
strain profiles of a crystal and result in inhomogeneous deformation. The 
dislocationless-to-dislocation–mediated deformation transition accounts for 
the observed stiffening in the compression behaviors of MgAl2O4 
nanocrystals. The stiffness of lattice is primarily determined by atomic 
bonding strength, and distorted bonds due to dislocations or other defects 
usually exhibit enhanced strength [46]. Even in the same sample, multiple 
deformation mechanisms could coexist and result in different mechanical 
behaviors in the different parts of the sample [47, 48]. The deformation 



mechanism transition pressure obtained in the rDAC XRD experiments, i.e., 
the texturing pressure (Fig. 6), is lower than that obtained in the axial DAC 
experiments (Figs. 2 and 3), which is expected from the lack of a pressure 
medium, and hence larger nonhydrostatic stresses, in the texturing 
measurements. Once immobilized, dislocations always tend to move from 
glide to climb configurations, forming a 3D dislocation network. Dislocation 
networks resist compression more than normal regions because the 
structure is already internally strained. We propose that the enhanced 
overlap of dislocation strain fields in smaller particles accounts for pressure-
induced stiffening, as we observed in MgAl2O4 nanocrystals at high 
pressures. The differential stress analysis [49] indicates that the strength of 
the nano-sized and bulk-sized MgAl2O4 is comparable over the pressure 
range of this study. Thus, MgAl2O4 nanoceramics are stiff, strong, and ductile.

Conclusions

These results emphasize the importance of combined axial and radial DAC X-
ray experiments in assessing nanoscale mechanics. The deformation 
characterization of materials with grain sizes down to several nanometers 
can be reproducibly measured using this technique, but it is technically 
impossible by any other technique available. Contrary to the conventional 
belief, our results demonstrate that dislocation mechanisms of deformation 
are operative in stressed nanoceramics. Dislocations make the nanoceramics
stiff and ductile. By optimizing particle size and deformation textures, the 
mechanical properties of ceramics may be better engineered for various 
applications in semiconductor [50], medical [51], aerospace [52, 53], and 
other fields [54]. This work provides a way for examining and engineering 
the strain-induced deformation behavior of ceramics, with prospectively a 
range of technological applications.

Methods

Synthesis of nanoceramic spinel samples

Spinel nanopowders were prepared by the molten salt baking method. High-
purity NH4Al(SO4)2·12H2O and MgSO4·7H2O, with a molar ratio of 2:1, were 
first dissolved into deionized water. The solution, held in a quartz vessel, was
then put into a muffle oven for calcination at 1150 °C for 4 h. Afterward, 
nanopowders of MgAl2O4 were obtained through screening. The average 
particle size of the powders is ∼20 nm.

Axial diamond-anvil cell XRD for elastic and plastic deformation 
measurements

High pressures were generated using a symmetric-type diamond-anvil cell 
with large openings to allow axial XRD. To minimize the nonhydrostatic 
pressure on the samples, a methanol:ethanol (4:1) solution was used as 
pressure. Ruby was used as a pressure calibrant. High-pressure XRD 
measurements were made at synchrotron beamline 12.2.2 of ALS, Lawrence 
Berkeley National Lab, USA, using the angle-dispersive mode.



Radial diamond-anvil cell XRD for texturing and differential stress 
measurements

High pressures were generated using a panoramic-type diamond-anvil cell 
with large openings to allow radial XRD. To maximize the deviatoric stress on
the samples, no pressure medium was used. Platinum was used as a 
pressure calibrant. High-pressure XRD measurements were made at 
synchrotron beamline 12.2.2 of ALS, Lawrence Berkeley National Lab, USA, 
using the angle-dispersive mode.

Experimental

Sample materials preparation

MgAl2O4 nanopowders were prepared by the molten salt baking method [55].
The average particle size of the powders is ∼20 nm (Fig. 8). More details can 
be found in the Methods section.

Axial DAC XRD measurements

A spring-steel gasket, with a chamber having a diameter of 100 μm, was 
used to contain the sample between 350-µm culet diamonds. A 
methanol:ethanol (4:1) solution was used as a pressure-transmitting 
medium. A small amount of ruby (<2%) was included for pressure 
determination from its fluorescence shifts. High-pressure XRD measurements
were made at synchrotron beamline 12.2.2 of the Advanced Light Source 
(ALS), Lawrence Berkeley National Lab (LBNL), in Berkeley, California. 
Measurements were made on compression and decompression at intervals of
3–6 GPa (Fig. 5).

rDAC XRD measurements

High pressures were generated using a panoramic-type diamond-anvil cell 
with large openings to allow radial XRD (Fig. 4). A boron-epoxy disc of ∼5 



mm diameter was prepared as described in Ref. 4. The disc was polished to 
50 µm thickness. Small gaskets of 400 µm diameter were cut from the 
polished disc with a laser miller from Oxford Industries. The gasket, with a 
50-µm-wide hole drilled at the center as a sample chamber, was inserted into
a drilled Kapton support with a narrow rectangular shape. The whole gasket 
assembly was put between the two diamonds of the cell with clay to fix the 
Kapton gasket in place. The sample powders were loaded in the gasket 
chamber. A small fragment of ∼10-µm-thick platinum foil was put on top of 
the sample, which was used as a position marker and pressure calibrant in 
each experiment. To maximize the deviatoric stress on the samples, no 
pressure medium was used. The samples were compressed between 
diamond culets of 300 µm diameter. Monochromatic synchrotron X-ray was 
used to conduct the XRD experiments at beamline 12.2.2 of the ALS, LBNL. A
Mar345 image plate was used to record the Debye diffraction rings of the 
samples. The exposure time was typically 60–180 s. Sample-to-detector 
distance and detector nonorthogonality were determined using a LaB6 
standard before the experiment.
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