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High-pressure strengthening in  
ultrafine-grained metals

Xiaoling Zhou1,2,3,14, Zongqiang Feng4,14, Linli Zhu5,6,14, Jianing Xu1,7,14, Lowell Miyagi3,  
Hongliang Dong1, Hongwei Sheng1, Yanju Wang1, Quan Li8,9,10, Yanming Ma8,9,10,  
Hengzhong Zhang1, Jinyuan Yan2, Nobumichi Tamura2, Martin Kunz2, Katie Lutker11,  
Tianlin Huang12, Darcy A. Hughes13, Xiaoxu Huang4 ✉ & Bin Chen1 ✉

The Hall–Petch relationship, according to which the strength of a metal increases as 
the grain size decreases, has been reported to break down at a critical grain size of 
around 10 to 15 nanometres1,2. As the grain size decreases beyond this point, the 
dominant mechanism of deformation switches from a dislocation-mediated process 
to grain boundary sliding, leading to material softening. In one previous approach, 
stabilization of grain boundaries through relaxation and molybdenum segregation 
was used to prevent this softening effect in nickel–molybdenum alloys with grain sizes 
below 10 nanometres3. Here we track in situ the yield stress and deformation texturing 
of pure nickel samples of various average grain sizes using a diamond anvil cell 
coupled with radial X-ray diffraction. Our high-pressure experiments reveal 
continuous strengthening in samples with grain sizes from 200 nanometres down to 3 
nanometres, with the strengthening enhanced (rather than reduced) at grain sizes 
smaller than 20 nanometres. We achieve a yield strength of approximately 4.2 
gigapascals in our 3-nanometre-grain-size samples, ten times stronger than that of a 
commercial nickel material. A maximum flow stress of 10.2 gigapascals is obtained in 
nickel of grain size 3 nanometres for the pressure range studied here. We see similar 
patterns of compression strengthening in gold and palladium samples down to the 
smallest grain sizes. Simulations and transmission electron microscopy reveal that 
the high strength observed in nickel of grain size 3 nanometres is caused by the 
superposition of strengthening mechanisms: both partial and full dislocation 
hardening plus suppression of grain boundary plasticity. These insights contribute to 
the ongoing search for ultrastrong metals via materials engineering.

Understanding the strengthening of nanograined metals has been 
puzzling, as mixed results of both size softening and hardening have 
been reported4–7. The main challenges in resolving this debate are the 
difficulty in synthesizing high-quality, ultrafine-grained metal sam-
ples for traditional tension or hardness tests and making statistically 
reproducible measurements. Some researchers have pointed out that 
reported size softening may be related to the preparation of materi-
als8. Porosity, amorphous regions and impurities may be introduced 
during sample preparation by methods such as inert gas condensa-
tion and electrodeposition, leading to softening in micro-hardness 
measurements and tension tests. Another difficulty is identifying the 
dominant plastic deformation mechanisms of nanograined metals. 
Various defects or processes at the nanoscale have been reported, 

including dislocations9,10, deformation twinning11,12, stacking faults11, 
grain boundary (GB) migration13, GB sliding1 and grain rotation14,15. 
Hence, the processes that dominate plastic deformation and thus deter-
mine the strength of nanograined metals are still unclear.

In this study, we use radial diamond anvil cell (DAC) X-ray diffrac-
tion (XRD) techniques to track in situ the yield stress and deforma-
tion texturing of nickel of various grain sizes. We find that mechanical 
strengthening can be extended down to a grain size of 3 nm (the smallest 
we have available), which is much smaller than the previously reported 
strongest sizes of nanograined metals. This finding pushes mechanical 
strengthening to the lowest recorded grain size (to our knowledge), 
demonstrating the potential for achieving ultrahigh strengths in  
metals.
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Radial DAC XRD experiments (Extended Data Fig. 1, see Supplemen-
tary Information) were performed at beamline 12.2.2 at the Advanced 
Light Source, Lawrence Berkeley National Laboratory, and at the Shang-
hai Synchrotron Radiation Facility. Eight nickel samples with particle 
(grain) sizes ranging from 3 nm to 200 nm (Extended Data Figs. 2, 3) 
were measured. The relatively narrow size distributions allow for the 
investigation of the size dependence of the material’s strength. In a 
sample under uniaxial compression, the stress can be separated into 
hydrostatic and deviatoric stress components. The differential stress 
between the maximum and minimum compression directions can be 
obtained using deviatoric strain theory16 (see Supplementary Informa-
tion). The measured XRD peak positions provide information on differ-
ential strains as well as differential stresses (Fig. 1a). Plastic deformation 
has an influence on deviatoric strains measured using diffraction, and so 
the differential strain/stress measured with radial DAC XRD can capture 
the transition from elastic- to plastic-deformation-dominant behav-
iours and can provide information on yield strength, strain hardening 
and so on (Fig. 1 and Extended Data Fig. 4). At the same pressure, the 

differential strain of the 3-nm-grain-sized nickel is higher than that of 
larger-grained counterparts. The larger curvatures (the ellipticity of the 
XRD rings, which translates into nonlinearity of the lines plotted along 
the azimuth angle) of diffraction lines for smaller nanocrystals indicate 
higher elastic deformation and the greater ability of the material to sup-
port differential stress in the crystal plane without plastic deformation. 
We used Rietveld refinement implemented in the MAUD software17 to 
analyse the differential strain and texture of our samples at each pres-
sure. The average differential stress of nickel versus its lattice strain can 
thus be obtained (Fig. 1b) using equations (5) to (9) (see Supplementary 
Information). To remove the effect of hardening induced by hydrostatic 
pressure, we performed elasto–viscoplastic self-consistent (EVPSC)18 
simulations (see Supplementary Information) to simulate the stress–
strain curves of nickel under ambient conditions (Extended Data Fig. 5). 
This enables the comparison of our extrapolated strength results at zero 
pressure with those of conventional tests2,19 (Fig. 1c). The stress–strain 
curves (Fig. 1b and Extended Data Fig. 5c) show that instead of softening, 
smaller-grained nickel was stronger than its coarser counterparts, in 
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Fig. 1 | Size strengthening of nanograined nickel. a, Azimuthally (0–360°) 
unrolled diffraction images of nickel at different pressures. The black arrows 
indicate the axial compression direction. Each measurement is repeated at 
least two times. b, Differential stress versus the lattice strain of nickel 
(see Supplementary Information). We note that for some of the data points the 
error bars (standard deviations; see equations (6)–(9) and Supplementary 
Information) are smaller than the sizes of symbols. c, Extrapolated yield 
strength of nickel at ambient conditions without GB sliding (from EVPSC 

simulations) versus grain size. The yield strength of nanograined Cu is 
obtained from molecular dynamics simulations (ref. 1) and experimental data 
of nanotwinned Cu (ref. 7) and nanograined Ni (refs. 2,19). The yield strength 
value of nickel in ref. 2 is taken as one-third of its hardness. For nanotwinned Cu, 
d represents the twin thickness. The inverse Hall–Petch effect has been 
reported for both Cu (refs. 1,7) and Ni (ref. 2). The smallest grain size of nickel in 
the study of ref. 2 is 12 nm.
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strong contrast to the results of previous studies (Fig. 1c). The stress–
strain curves of nanograined nickel also show a larger slope/hardening 
exponent (Fig. 1b), possibly owing to the increased plastic anisotropy 
in this smaller grain size (Extended Data Fig. 5). We note that a slight 
strength drop occurs in 40-nm-grain-sized nickel in EVPSC simulations; 
the cause remains to be further investigated.

The development of in situ deformation textures for nanograined 
nickel with various grain sizes was captured at different strains. As 
shown in Fig. 2, nickel samples with larger grain sizes above 20 nm show 
very strong deformation textures even at low strain. Nanograined nickel 
samples with grain sizes below 20 nm exhibit very weak deformation 
textures, indicating that traditional full dislocation activity becomes 
less active, whereas the strength increases with decreasing grain size. 
Meanwhile, all of the nickel samples develop a deformation texture, 
indicating that deformation mechanisms may still be based on disloca-
tion slip and twin formation, since GB-mediated mechanisms would 
maintain the initial random textures.

Previous simulations1,20,21 have suggested that GB deformation plays 
a decisive part in the deformation mechanisms of sub-10-nm-grain-
sized nanomaterials. Those studies proposed that size softening would 
occur as a result of the transition from dislocation-mediated to GB-
mediated mechanisms. In our experiments, however, we observed no 
size softening but only size strengthening. The uniaxial compressional 
stress comprises hydrostatic and deviatoric stress components. The 
shear stress arising from the deviatoric stress could potentially activate 
GB mechanisms, whereas the hydrostatic stress of the compression 
increases the critical shear stress for GB migration and sliding, thereby 
suppressing those mechanisms; see equation (15).

To explore the mechanisms for continuous size strengthening, we 
simulated the critical stress for activating full and partial dislocations 
and for activating GB deformation (GB sliding and migration) in 
nanograined nickel. As shown in Fig. 3a, full dislocations are activated 
preferentially and are more dominant than partial dislocations above 
the critical grain size dc

1. The dislocation-dominant deformation shifts 
to GB-dominant deformation for grain sizes below a critical grain size 
dc

2. However, compression has a remarkable effect on this shift. The 
critical stress for activating GB deformation increases with pressure, 
resulting in the critical grain size dc

2 being highly pressure-dependent. 
For example, the critical grain size for active GB deformation of nickel 
at >1 GPa is <2 nm (Fig. 3b); this suggests that almost no GB deformation 
is activated in our experiments because hydrostatic pressure is higher 
than 1  GPa, that is, the GB-deformation associated softening of 
nanograins has been greatly inhibited during compression. Conse-
quently, when GB-associated deformation (extrinsic deformation) is 

suppressed, the material strength should be determined mainly by 
intrinsic deformation properties, which are associated with lattice 
strain and defects in the interiors of grains.

It is known that the critical stress to activate dislocations increases 
with decreasing grain size. In a simplified analytical dislocation model 
that considers partial dislocations emitted from GBs of nanograins, 
the critical stress for emitting a full and partial dislocation22 can be 
described as:

τ
Gb

d
= (1)f

f

τ
Gb

d
δ

γ
Gb

=
3

+ (1 − ) (2)p
p

p

where bf and bp are the Burgers vectors of the full and partial dislo-
cations, respectively; G is the shear modulus; γ is the stacking fault 
energy; and δ is the ratio of equilibrium stacking fault width to grain 
size. The critical stresses for nucleating both full and partial disloca-
tions increase sharply as the grain size decreases towards the lower 
limit (Fig. 3a). This leads to the increase of yield strength at small grain 
size. Furthermore, partial dislocations are preferentially activated and 
overtake full dislocations below a critical grain size.

We studied the deformation behaviour of nanograined nickel by 
molecular dynamics simulations23 (Fig. 3d). Two types of planar defects 
associated with partial dislocations (that is, nanotwins and stacking 
faults) as well as full dislocations are found in nanograined nickel under 
compression. To explore the deformation mechanisms, we conducted 
transmission electron microscopy (TEM) characterization on the recov-
ered samples. As expected, high densities of full dislocations are seen in 
the coarse-grained sample (Fig. 4d). Remarkably, full dislocations are 
prevalent at all average grain sizes including the finest at 3 nm (Fig. 4a–c),  
although for the 3-nm-grain-sized sample the dislocations were 
observed in grains with slightly larger sizes than average. A detailed 
analysis of the four dislocations observed in the lower part of Fig. 4a 
is shown in the sketch in Fig. 4b based on the Thompson tetrahedron. 
Each of these dislocations is an extended dislocation composed of a 
stacking fault and two partial dislocations lying on {111} slip planes. 
A Lomer–Cottrell lock and a stair rod are formed from the reactions 
of partial dislocations associated with the upper three dislocations, 
with the stair rod lying on a {100} plane. These reaction products are 
immobile and thus provide a strong strengthening effect. A rough 
estimate of the density of full dislocations based on the dislocations 
in Fig. 4a suggests a density of about 1016 m−2, which provides a strong 
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strengthening component for the flow stress. At the finest grain sizes, 
nanotwins form bounded by stacking faults, creating important new 
additions to the deformed structure. These nanotwins further refine 
the nanostructure and contribute to boundary strengthening by con-
straining dislocation motion. Steps in the twin boundaries are observed, 
forming incoherent twin boundaries that contain partial dislocations 
(Fig. 4). We note that the simultaneous and cooperative activation 
of different Shockley partial dislocations on parallel and neighbour-
ing glide planes may be responsible for these twins24. Stacking faults 
may expand under high stress, increasing their energy and making it 
favourable to form low-energy twins25. Fivefold symmetry twins are also 
seen in both 3-nm-grain-sized and 20-nm-grain-sized quenched nickel 
samples (Fig. 4). Fivefold twins may pre-exist in the particles or form by 
the successive emission of partial dislocations from incoherent twin 
boundaries with high energy. The non-parallel twin boundaries give 
rise to strong overlapping of associated lattice strain fields, resulting in 
higher yield strength compared to those without fivefold twinned struc-
tures26. This result is consistent with our observations in the mechanical 
measurements (Fig. 1b). In short, twinning and stacking faults observed 
in our TEM measurements originate from the nucleation and motion 
of partial dislocations. This provides compelling evidence that in the 
sub-20-nm regime of grain size, full-dislocation-mediated deformation 
shifts to both full and partial dislocations combined with deformation 
twinning.

Our strength measurements (Fig. 1b), computational simulations 
(Fig. 3a, c) and TEM observations (Fig. 4) indicate that a critical grain 

size (around 20 nm) exists and corresponds to the shift in deforma-
tion mechanisms from full dislocation to full plus partial dislocation 
mediated deformation. This does not generate a maximum strength 
at the critical grain size but starts a stronger mode for strengthening. 
Notably, as shown in Fig. 4, the twins in 20 nm or smaller nickel grains 
are usually only several nanometres thick, but unlike growth twins, no 
softening is induced in pressurized nickel nanograins. Instead, size 
strengthening of nickel is even more pronounced in the smaller size 
range of nanograins. As shown in Fig. 3c, for grain sizes below 20 nm 
the measured yield strength of nanograined nickel largely deviates  
from the trend predicted by the traditional Hall–Petch model. Consid-
ering that the contribution of partial dislocations becomes important 
in fine nanograins, we propose a modified Hall–Petch relationship as 
follows:

σ σ
k

d

k
d

= + + (3)y 0
0 1

where σy and d represent the yield strength and grain size, respectively, 
and σ0, k0 and k1 are constants. The first two terms represent the fric-
tion stress and Hall–Petch formulation associated with full dislocation 
boundary interaction. The third term is related to the partial dislocation 
contribution to yielding, which is inversely proportional to grain size 
d according to equation (2). The fitting of our experimental data with 
equation (3) shows that this new model reflects the effects of both full 
and partial dislocations, and can describe the size strengthening of 
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metals over a wide size range. We note that this fit gives a high friction 
stress of about 1.1 GPa, k1 of 9 MPa μm and a low k0 of 101 MPa μm1/2 com-
pared to conventionally deformed Ni with 20 MPa and 158 MPa μm1/2, 
respectively27,28. To check the generality of the size strengthening for 
nanograined metals, we conducted similar high-pressure deformation 
experiments on nanograined gold and palladium. A similar enhanced 
strengthening effect at the lowest grain sizes was observed, which 
indicates that this full plus partial dislocation-mediated strengthening 
is common in compressed nanograined metals.

This size strengthening effect may apply not only to high-pressure 
cases but also provide guidance for applications at ambient condi-
tions. A recent study3 reported that a twofold increase in hardness was 
achieved in nanograined Ni–Mo alloys by stabilizing GBs through Mo 
segregation. By using this technique yield strengths of around 1.6 GPa 
and 3.8 GPa were achieved in Ni and Ni–Mo alloys, respectively. In our 
experiments, an ultrahigh strength of about 4.2 GPa is achieved in pure 
nickel grains. This result suggests that compression is an effective 
method of suppressing GB sliding and migration in order to achieve 
ultrahigh strength.

This is also supported by the observation that the measured strength 
of coarse nickel in our compression test is higher than in conventional 
tension tests2,19. In real applications, materials could be under either 
tension or compression. Tension tests are common in traditional 
mechanical characterization. However, evaluation of strength by tensile 
loading is often technically difficult for nanograined metals especially 
for sub-10-nm grain sizes. Compressive strength measurements using 
radial DAC XRD enables study of the mechanical properties of even 

sub-10-nm-sized metals. In this synchrotron-based study, deformation 
behaviour and yield strength are obtained from the lattice changes 
of a large quantity of nanograins and exhibit reproducible trends in 
strength and grain size. Additionally, extrinsic factors like impurities 
and amorphous regions that may be introduced during conventional 
sample preparation could strongly affect the mechanical behaviour of 
nanograined metals. In our method, the strength in pure nickel grains 
is determined by the internal piezometer of crystalline lattice strain, 
which mitigates the effects of extrinsic factors.

Experimental work also indicates that partial-dislocation-associated  
mechanisms improve the thermal stability of grain boundaries of 
nanograins29. If the grain boundaries of nanograined metals are sintered 
without grain coarsening, for example, through severe plastic defor-
mation or explosive shock annealing30, large pieces of nanograined 
metals with ultrahigh strength could potentially be fabricated for mass 
applications. In summary, achieving an ultrahigh strength in pure nickel 
through grain refinement and suppression of GB plasticity provides 
a new strategy for designing ultrastrong, ultrahard metals for future 
applications.
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Extended Data Fig. 1 | The experimental setup of radial DAC XRD. Kapton is a polyimide film. hkl represents the lattice planes; δ is the azimuthal angle; and θ 
represents the diffraction angle.



Extended Data Fig. 2 | Grain size distribution of nickel samples. a–d, Grain size distributions in 3-nm, 8-nm, 12-nm and 20-nm nickel; e–h, Grain size distribution 
of 40-nm, 70-nm, 100-nm and 200-nm nickel. The particle sizes of the nickel samples were re-checked with XRD characterization.
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Extended Data Fig. 3 | Raw powder samples. a–d, TEM images of raw powder samples of 3 nm (a), 8 nm (b), 12 nm (c) and 20 nm (d) nickel powder before 
compression. e–h, Scanning electron microscopy characterization of 40 nm (e), 70 nm (f), 100 nm (g) and 200 nm (h) nickel powder before compression.



Extended Data Fig. 4 | Plot of differential stress versus hydrostatic lattice 
strain in the nickel of various grain sizes. The circles, squares and triangles 
represent (220), (200) and (111) lattice planes, respectively. Strong strength 
anisotropy is exhibited for different lattice planes, especially at smaller grain 
sizes. The lattice strain is calculated from the relative change in the unit cell 
parameter at a given applied stress to the unit cell parameter under ambient 
pressure (see Supplementary Information). The error bars for differential 
stress is calculated based on the error of deviatoric strain Q(hkl) and equations 
(6) to (9). Note that for some of the data points the error bars 
(see Supplementary Information for definition) are smaller than the sizes of 
symbols.
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Extended Data Fig. 5 | EVPSC modelling results of nickel. a, Comparison 
between simulated Q(hkl) curves versus pressure and measured Q(hkl) values 
(solid symbols) obtained from experiments. b, Simulated texture of nickel at 
the highest strain (pressure). c, Simulated differential stress of nickel versus 

plastic strain during zero pressure compression. d, Extrapolated yield strength 
of nickel at ambient conditions without GB sliding. The size-strengthening 
trend is consistent with that shown in Fig. 1b, although the strength of 40-nm-
grain-size nickel obtained with EVPSC is slightly lower.
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