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A B S T R A C T

Strain engineering under extreme non-hydrostatic compression provides a unique pathway to tune material 
properties, yet the evolution of fine structural parameters under such conditions remains unexplored. Here, we 
systematically investigate the elastic-plastic deformation behaviors of nickel and ceria (CeO2) across varying 
grain sizes (8–200 nm) under non-hydrostatic compression up to ~35 GPa using synchrotron-based radial X-ray 
diffraction in a diamond anvil cell. We find that the differential lattice aspect ratio in nickel plateaus at a 
relatively low pressure due to yielding, whereas ceria exhibits continuous elastic deformation with an increasing 
aspect ratio within the tested pressure range. Furthermore, as the grain size decreases to ~8 nm, the maximum 
differential lattice aspect ratios of {200} plane in both nickel and ceria reach ~3.2%. The lattice strain anisotropy 
experiences a multifold enhancement in nickel as the grain size reduces from ~200 nm to ~8 nm due to the 
suppression of dislocation slip. In contrast, this increase of anisotropy by reduction of grain size attenuates in 
ceria, a phenomenon attributed to the activation of nanoscale plasticity in nanoceramics. These size-dependent 
deformation mechanisms are further corroborated by microstructural evidence from transmission electron mi
croscopy. Our results highlight the broad tunable parameter space in both metallic- and covalent-bonded 
nanomaterials via non-hydrostatic high-pressure strain engineering, and would help to understand the high- 
pressure strengthening effect in nanograined metals.

1. Introduction

Strain engineering is a highly promising strategy that has propelled 
research in condensed matter physics and materials science by altering 
the fundamental structural parameters of materials. Through strain en
gineering, unprecedented phenomena and properties have been 
discovered across diverse systems including two-dimensional materials, 
diamond, perovskites, electrocatalysts and nanometals [1–6]. Compared 
to conventional approaches of strain engineering such as uniaxial ten
sion, pure shear, or chemically induced strain whose tunable ranges are 
inherently limited by fracture, plasticity, or specific chemical properties, 
high-pressure techniques allow us to explore a vast regime of negative 
stress, potentially extending to the theoretical ideal strength limit of 
materials [7–9]. To date, this area has been mostly constrained to 
quasi-hydrostatic conditions without significant shear stress. However, 
the parameter space can be substantially broadened through the 

fundamental understanding and exploitation of non-hydrostatic 
compression. With the development of synchrotron-based radial X-ray 
diffraction (RXRD) measurements in diamond anvil cells (DACs) without 
pressure transmitting media, it is now possible to experimentally detect 
the deformation behavior and yield strength of materials under extreme 
non-hydrostatic stress states [10–13], which is crucial for the guidance 
of strain engineering under such conditions.

Nanocrystalline materials often exhibit enhanced mechanical prop
erties owing to their large surface-area-to-volume ratios [13–16]. For 
instance, in nanograined metals, the suppression of dislocation slip by a 
high density of grain boundaries leads to the well-known Hall-Petch 
effect [17,18], where smaller grain sizes correspond to higher yield 
strengths. Similarly, in ZnS nanoparticles, competing relaxation from 
irregular surfaces causes inhomogeneous internal strain, contributing to 
structural stiffening [16]. These characteristics theoretically grant 
nanomaterials unique advantages for elastic strain engineering. Because 
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they can withstand substantially higher stress levels without inelastic 
relaxation, they afford a vastly broadened parameter space for the 
optimization of functional properties [7]. Nevertheless, the exact extent 
to which this parameter space can be expanded remains elusive. 
Therefore, it is of great value to investigate the elastic-plastic defor
mation behavior of nanocrystalline materials and extract fine structural 
information, particularly under non-hydrostatic high-pressure 
conditions.

In the present study, nickel and ceria (CeO2) are selected as repre
sentative model systems for metallic and ceramic classes, respectively, 
to systematically investigate the influence of crystallite size (down to the 
tens of nanometers) on their deformation behaviors under non- 
hydrostatic compression. By analyzing the RXRD data obtained in a 
DAC, we estimate the strain differential between lattice planes oriented 
parallel and perpendicular to the principal stress axis, and track its 
evolution with increasing pressure in each sample. We find that this 
strain differential, which reflects the intrinsic mechanical response of 
the material, is strongly size-dependent and fundamentally distinct be
tween metals and ceramics. With the support from transmission electron 
microscopy (TEM) characterization, we attribute this behavior to dif
ferences in the propensity for plastic deformation between metallic- and 
covalent-bonded materials across different grain sizes. The implications 
of our findings regarding general high-pressure strain engineering and 
the underlying strengthening mechanism of nanograined metals are 
discussed.

2. Experiment and analysis methods

To elucidate the impact of nanomaterials’ grain size on the defor
mation behavior, samples with 3–4 different sizes from the deep nano
scale regime to the ultrafine-grained regime were investigated in both 
nickel and ceria. For nickel, powders with average grain sizes of ~8 nm, 
~20 nm, ~75 nm and ~200 nm were selected. For CeO2, powders with 
average grain sizes of ~8 nm, ~40 nm and ~200 nm were selected. The 
characterization of the original samples can be found in the supple
mentary material.

High-pressure loading was achieved using a panoramic DAC equip
ped with 300 µm culet anvils. X-ray transparent gaskets (made of com
pacted amorphous boron-epoxy mixtures) for RXRD were secured on the 
top of the anvil by Kapton wafers. The diameter of the laser-milled 
sample chamber in the gaskets was approximately 60 µm. In each 
experimental run, sample powders were loaded into the chamber 
alongside a small piece of Pt foil (~10 µm) serving as the pressure cal
ibrant [19]. Crucially, the introduction of a pressure-transmitting me
dium was intentionally omitted to geometrically maximize the 
macroscopic shear stress generated by the anvils. In-situ X-ray diffrac
tion (XRD) measurements in a radial geometry during compression 
(Fig. 1a) were conducted at beamline 12.2.2, Advanced Light Source, 
Lawrence Berkeley National Laboratory. The incident X-ray energy was 

25 keV, and diffraction patterns were collected using a mar345 Image 
Plate Detector. Instrumental parameters were calibrated with CeO2 and 
LaB6 standards for the nickel and CeO2 runs, respectively. The obtained 
data were processed using FIT2D [20] and Multifit [21] for analysis.

For TEM observation, lamellae thinner than 100 nm were extracted 
using a Zeiss Auriga focused ion beam (FIB) system from the recovered 
samples which had been compressed separately in steel gaskets. To 
prevent possible artifacts, a protective Pt layer was deposited onto the 
target surface of each sample prior to ion milling. Characterization was 
performed using an aberration-corrected transmission electron micro
scope (Titan G2 60–300) operating at 300 kV in scanning transmission 
electron microscopy (STEM) mode.

To better illustrate the principle of estimating lattice strain anisot
ropy in our work, we briefly describe the setup of DAC-RXRD experi
ments and our analytical methodology. As depicted in Fig. 1a, the 
incident X-ray beam penetrates the gasket and produces a diffraction 
pattern from the sample on the detector located on the opposite side. 
Unlike conventional DAC-XRD experiments in which the beam traverses 
the diamond anvils and interacts only with crystallographic planes 
symmetrically oriented to the compression axis, this geometry enables 
the detection of planes at various angles relative to the uniaxial 
compression direction. The azimuth angle ψ is determined by the pro
jection of the compression axis and the diffraction vector on the 
detector.

Based on the geometric relationships of the RXRD, we can extract 
lattice strain information from monocrystalline grains possessing spe
cific orientations within the powder samples. Here we discuss a 
simplified scenario. As shown in Fig. 1b, the red plane that satisfies the 
diffraction condition at 2θ and has a normal vector closely aligned with 
the compression axis will generate a diffraction signal at ψ≈ 0◦. Rotating 
around this normal vector yields all crystals containing this specific 
plane, including instances where another equivalent plane from the 
same monocrystalline grain also satisfies the diffraction condition. 
Given the inherent cubic symmetry of the crystallographic systems 
under investigation, the orthogonal equivalent set of planes inevitably 
generates a diffraction signal at ψ≈ 90◦ or 270◦, as illustrated in Fig. 1c 
(the green plane, showing the ψ≈90◦ case). Due to differential stress, 
this signal occurs at a slightly different diffraction angle, 2θ'. Therefore, 
the anisotropic lattice strain within the materials can be calculated using 
2θ and 2θ’ measured in our experiments. In other words, for cubic sys
tems, pairs of powder diffraction peaks separated by a 90◦ azimuthal 
offset can originate from orthogonal equivalent planes within a single 
monocrystalline grain. If the diffraction peaks shift in 2θ while remain 
symmetric, the lattice strain of the grain can be derived from the mean 
strain of the powder sample at these azimuth angles.

It should be noted that in actual diffraction geometries, an angle (θ) 
exists between the incident beam and the red plane, so its normal vector 
deviates slightly from the true vertically upward direction, and the 
signal from the corresponding green plane should locate at a ψ slightly 

Fig. 1. (a) Schematic of the experimental setup for RXRD measurement in a DAC. (b–c) Visualized models illustrating the extraction of the lattice strain in the crystal 
with certain orientation from the RXRD data.
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larger than 90◦. In the following section, we will show that the θ we are 
analyzing is relatively small, making the increase in ψ negligible, thus 
reasonable approximation could be applied when estimating the aniso
tropic lattice strain.

3. Results and discussion

We first demonstrate the result from 8 nm nickel in detail as an 
example of the real case analysis. Fig. 2a shows the diffraction pattern 
collected at the maximum pressure of the run (~39.4 GPa). As a result of 
the non-hydrostatic stress tensor, the Debye-Scherrer rings exhibit 
elliptical distortion, with the major axis aligns parallel to the principal 
compressional stress vector. The red and green arrows in Fig. 2a indicate 
shifts toward higher and lower diffraction angles for planes subjected to 
differential stress (compared to the planes under hydrostatic compres
sion at equivalent pressures), respectively. In Fig. 2b, the distortion of 
the rings is accentuated by the curvature of the azimuthally unrolled 
pattern.

For cubic materials like nickel and ceria, we focus on the {200} re
flections because they directly determine the unit cell parameter a and 
exhibit minimal sensitivity to plastic deformation effects. At each pres
sure point, the unrolled patterns were evenly divided into 72 segments 
at 5◦ intervals, and the D-spacing of {200} plane was determined by peak 
fitting within each segment. The good symmetry of the peaks across 
different azimuth angles further supports the validity of our approach 
for estimating lattice strain in monocrystalline grains from powder 
diffraction data (Fig. 2c). Fig. 2d shows the D-spacing against the azi
muth angle at selected pressures. As the figure indicates, the curvature of 
the calculated D-spacing pattern increases rapidly at relatively low 
pressures, however, at pressures exceeding ~6.7 GPa, the pattern shifts 
entirely toward smaller D-spacings with minimal changes in curvature. 
This behavior contrasts with findings from a similar X-ray diffraction 
study on stressed nanopolycrystalline diamond, wherein the pattern 
curvature increased but did not integrally shift with stress and became 
saturated at certain level [22]. We attribute this discrepancy to the 
enormous strength difference between our samples and the nano
polycrystalline diamond, as well as the distinct stress states induced by 
varying loading techniques.

The D-spacing patterns could be fitted using the equation 

dm(200) = dp(200){1+
[
1 − 3cos2(ψ +α)

]
Q(200)} (1) 

Here, dm represents the measured D-spacing, dp is the spacing under 
hydrostatic pressure (obtained at the “magic angle” where ψ+α=54.7◦), 
α is a corrective angle accounting for the misalignment between the 
compression axis and the vertical axis of the detector, and Q denotes the 
azimuthal oscillation induced by differential stress [10,22]. From this 
fit, we derive the D-spacing with the minimum and maximum 
compressional strain, dmax and dmin, and estimate the lattice strain 
anisotropy in certain monocrystalline grains as discussed in the previous 
section. The difference between dmax and dmin indicates how the cubic 
unit cells are “squashed” by the non-hydrostatic compression, as sche
matically depicted in Fig. 2e.

To track the evolution of this lattice strain anisotropy across varying 
pressures and samples, we analysed the {200} planes for all the nickel 
and ceria samples (Fig. S8, supplementary materials). We define the 
differential lattice aspect ratio r = (dmax− dmin)/dmax× 100%, referring 
the difference between the lattice planes with maximum and minimum 
D-spacing in percentage, to quantify the anisotropy of the lattice strain. 
Fig. 3 plots r as a function of pressure in Ni and CeO2 with different grain 
sizes. First, we compare the behavior of ultrafine-grained (200 nm) Ni 
and CeO2. As the pressure elevates, the differential lattice aspect ratio in 
200 nm Ni initially increases and then immediately reaches a plateau 
with a relatively low value below 0.8% (Fig. 3a). In contrast, the ratio in 
200 nm CeO2 increases continuously with the pressure, ultimately 
exceeding 2% at the maximum applied pressure (Fig. 3b). This could be 
interpreted by the different deformation mechanisms in metals and ce
ramics. In the 200 nm Ni, the lattice initially deforms anisotropically 
under uniaxial compression; however, at a critical pressure (~1.9 GPa), 
the material yields, and plastic slip becomes the dominant deformation 
mechanism. This causes the lattice to contract with a constant r during 
subsequent compression, with any further increases in differential stress 
stemming solely from the pressure-induced increase in the shear 
modulus. Conversely, in the 200 nm CeO2, the absence of plastic slip 
forces the lattice to accommodate the differential stress through 
continuous anisotropic deformation, leading to an almost linear growth 
of r. This reveals intrinsic difference in the deformation behaviors of 
metallic- and covalent-bonded materials, highlighting the limit of the 
strain engineering range in ultrafine-grained metals compared to the 

Fig. 2. (a) The collected Debye-Scherrer diffraction rings of 8 nm Ni and the pressure calibrant at ~39.4 GPa. The red and green arrows show the relative distortion 
of the rings compared with perfect circles. (b) Azimuthally unrolled diffraction data of (a). The black arrows point out the direction of the uniaxial compression. (c) 
Integrated diffraction peaks of Ni(200) at ψ+ α= 90◦, 180◦, 270◦ and 360◦ at ~39.4 GPa. The red solid lines are Gaussian fit of the peaks. (d) d(200) versus the 
azimuth angle at selected pressures (on the right, in GPa) of the 8 nm Ni. The black solid lines are the fitting results using (1), and the blue and red dashed lines are 
the calculated dmax and dmin at ~39.4 GPa, respectively. (e) Schematic of the unit cells being “squashed” by non-hydrostatic compression. The deformation is 
exaggerated for better illustration.
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broader potential in compressed ultrafine-grained ceramics.
The nanograined samples exhibit distinct behavior in the lattice 

strain anisotropy under non-hydrostatic compression. As shown in 
Fig. 3a, r in 75 nm Ni increases linearly up to ~2.9 GPa and reaches a 
plateau at ~1.0%. For the 20 nm Ni, r keeps the linear increase to 
~3.9 GPa before plateauing at ~2.5%. For the 8 nm Ni, a rapid growth 
stage persists until ~6.7 GPa, eventually reaching a maximum r 
(~3.2%) at ~39.4 GPa. The overall differential lattice aspect ratio in Ni 
has a pronounced size effect: smaller grain sizes correlate with higher 
achievable r values and require higher stress to reach saturation. Being 
similar to nanograined Ni, the nanograined CeO2 samples also have 
larger r values compare to their ultrafine-grained counterpart, especially 
in the higher-pressure range (Fig. 3b). However, the relative increase in r 
achieved by reducing the grain size is markedly less significant in CeO2 
than in the Ni. The maximum r in 200 nm, 40 nm and 8 nm CeO2 in the 
tested pressure range are ~2.1%, ~2.4% and ~3.2%, respectively. In 
Fig. 3c, we plot r against grain sizes at ~27 GPa to illustrate the different 
increase in the degree of lattice strain anisotropy in the two systems. The 
r in 8 nm CeO2 (~3.0%) is only ~92% higher than in 200 nm CeO2 at 
comparable pressure, in stark contrast to the multifold enhancement 
(~289% higher) observed in Ni.

The observed size-dependent differential lattice aspect ratio in both 
Ni and CeO2 can be understood through their plastic behaviors. In 
metals, reducing the grain size to the nanometer-scale generally sup
presses plastic slip due to the increased volume fraction of grain 
boundaries [23], enabling the material to sustain higher shear stress 
through elastic lattice deformation. This results in the higher upper limit 
of r in smaller-sized sample. Moreover, the different anisotropic lattice 
strain could have impact on the macroscopic stress–strain behavior, 
potentially explaining the reported deviation from the 0.2% offset cri
terion to define yielding in nanocrystalline metals [24]. In ceramics, 
size-induced bond stiffening causes the elevated r (higher differential 
stress) in smaller samples in the high-pressure regime. Crucially, the 
extreme localized stresses within these nanograins anomalously activate 
previously dormant plastic slip systems [25,26]. This stress-induced 
onset of nanoscale plasticity initiates localized yielding, which funda
mentally accounts for the observed attenuation in the growth rate of r. 
The dramatic three-to-fourfold increase in lattice strain anisotropy of 
nanograined Ni compared to its ultrafine-grained counterpart suggests a 
vast tunable space for non-hydrostatic compression strain engineering. 
Conversely, this space in nanograined CeO2, although comparable in 
magnitude to that of Ni, is less expanded by size reduction due to the 
onset of plastic deformation, especially considering the already relative 
high r value in ultrafine-grained CeO2.

To further elucidate the plastic deformation within our samples, TEM 
characterizations were conducted on the samples recovered from the 
non-hydrostatic compressions. High-resolution transmission electron 

microscopy (HRTEM) images (Fig. 4a–d) reveal representative micro
structures of defects in ultrafine-grain Ni, nanograined Ni, and nano
grained CeO2. In ultrafine-grained Ni (Fig. 4a), full dislocations are 
frequently observed. These dislocations could be attributed to the 
{111}< 110> slip system, which is the predominant slip system in face- 
centered cubic metals [27]. In nanograined Ni, apart from full disloca
tions (Fig. 4b), deformation twins are also present as a consequence of 
plastic deformation (Fig. 4c). This is consistent with previous works 
reporting a transition from full dislocation slip to twinning as the pri
mary plastic deformation mechanism in nanometals [13,28]. There 
should be other deformation mechanisms such as lattice rotation and 
grain boundary-assisted plasticity in the nanograined Ni [29–32], which 
could be further detected by in-situ characterization. Notably, full dis
locations were also found in the compressed nanograined CeO2 (Fig. 4d). 
This confirms our hypothesis regarding the less increased differential 
lattice aspect ratio in the material. The HRTEM images reveal the typical 
plastic deformation mechanisms active in nanograined Ni and CeO2, 
refining our understanding of their lattice strain anisotropy under 
non-hydrostatic compression.

Our work provides a pathway to quantify the anisotropic lattice 
strain across different material classes under high pressures, offering 
critical insights for interpreting the frequently discussed structural 
transition, metallization and even superconductivity induced by non- 
hydrostatic compression [33–35]. Furthermore, the results suggest 
that substantial lattice strain anisotropy (up to ~3.2%) could be ach
ieved in nanograined metals and ceramics through non-hydrostatic 
high-pressure strain engineering. This supports the anticipation that 
such strategies offer a much broader tunable space than conventional 
strain engineering methods, which typically achieve anisotropic strains 
below 1%. With the cognition established here, more ambitious and 
precise manipulations of the physicochemical properties via strain en
gineering can be expected.

Beyond illuminating the fine structural parameters of materials 
during strain engineering, the size-dependent lattice strain anisotropy 
holds implications for understanding the mechanical properties of 
nanograined metals. In the case of nanograined Ni under uniaxial 
compression, due to the suppression of dislocation slip by the concen
trated boundaries and interfaces, the originally cubic unit cells will be 
“squashed” into cuboid cells when their c axes point close to the 
compression axis (Fig. 4e). This geometrical distortion can reduce the 
Schmid factor (cosφcosλ, where φ and λ are the angles between the 
loading axis and the slip plane's normal vector and slip direction, 
respectively) of the slip systems, rendering them less active. The 
diminished slip activity leads to greater strain anisotropy, further 
reducing the Schmid factor. Specifically, in the 8 nm Ni subjected to 
non-hydrostatic compression, the actual Schmid factor of the 
{111}<110> slip system in the aforementioned unit cells decreases 

Fig. 3. (a) Differential lattice aspect ratio of Ni(200) in ultrafine-grained (200 nm) and nanograined (75 nm, 20 nm and 8 nm) Ni under non-hydrostatic high 
pressures. (b) Differential lattice aspect ratio of CeO2(200) in ultrafine-grained (200 nm) and nanograined (40 nm and 8 nm) CeO2 under non-hydrostatic high 
pressures. (c) The increases of differential lattice aspect ratios of Ni(200) and CeO2(200) at ~27 GPa with decreasing grain sizes.
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from ~0.408 to ~0.394 as the differential lattice aspect ratio r increases 
from 0% to 3%. This mutual enhancement mechanism regarding the 
variation of Schmid factor provides an alternative interpretation of the 
high-pressure strengthening in nanograined materials [13]. Further
more, the changeable Schmid factor induced by lattice strain anisotropy 
might enable us to selectively control the dislocation activity, thereby 
enhancing plasticity and toughness in inherently brittle materials.

4. Conclusion

We developed an analytical paradigm to estimate the differential 
lattice aspect ratio of specifically oriented grains in DAC, and system
atically investigated the lattice strain anisotropy of nickel and ceria 
across varying grain sizes under non-hydrostatic compression. We found 
that the capacity to sustain anisotropic lattice strain is strongly dictated 
by bond type and grain size. Specifically, the metal has limited lattice 
strain anisotropy under differential stress, but this limit increases 
significantly with the decrease of the grain size down to nanometer- 
scale. On the other hand, the ceramic demonstrates a robust, contin
uous increase in lattice strain anisotropy with rising stress, while the 
enhancement gained from grain size reduction is less pronounced. Both 
materials exhibit large maximum lattice anisotropy (up to ~3.2% for 
{200} planes) as the grain sizes are reduced to ~8 nm, highlighting their 
broad parameter spaces under non-hydrostatic compression. Supported 
by microstructural evidence, we conclude that this size-dependency 
primarily originates from the respective inhibition and activation of 
plastic slip in nanograined metals and ceramics. The strengthening 
mechanism of compressed nanograined metals from the perspective of 
lattice strain anisotropy has been discussed. Our work reveals the 
intrinsic evolution of elastic-plastic deformation in two fundamental 
material systems, and establishes a foundational reference to the reali
zation of effective property modification via high-pressure strain 
engineering.
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Fig. 4. (a)–(d): HRTEM images showing the representative microstructures observed in the samples recovered from non-hydrostatic compressions. (a) dislocation in 
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dislocations. (e) Schematic diagram to illustrate the effect of anisotropic lattice strain on the Schmid factor of the {111}<110> slip in Ni. The deformation of the unit 
cell is exaggerated for better illustration.
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