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            Abstract
The Hallâ€“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 nickelâ€“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.
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                    Fig. 1: Size strengthening of nanograined nickel.[image: ]


Fig. 2: Inverse pole figures for the texture evolution of nickel with various grain sizes.[image: ]


Fig. 3: Computational simulation results and the modified Hallâ€“Petch relationship.[image: ]


Fig. 4: TEM examinations of nickel samples quenched from 40 GPa of three grain sizes.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The experimental setup of radial DAC XRD.
Kapton is a polyimide film. hkl represents the lattice planes; Î´ is the azimuthal angle; and Î¸ represents the diffraction angle.


Extended Data Fig. 2 Grain size distribution of nickel samples.
aâ€“d, Grain size distributions in 3-nm, 8-nm, 12-nm and 20-nm nickel; eâ€“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.


Extended Data Fig. 3
Raw powder samples.Â aâ€“d,Â TEM images of raw powder samples of 3Â nm (a), 8 nm (b), 12 nm (c)Â and 20 nm (d) nickel powderÂ before compression. eâ€“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 (seeÂ 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 (seeÂ Supplementary Information for definition) are smaller than the sizes of symbols.


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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