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Softer but tougher:

The impact of alloying on defect-free nanoparticles

Anuj Bisht1, Raj Kiran Koju2, Yuanshen Qi1, James Hickman3, Yuri Mishin2 and Eugen

Rabkin1

The classic paradigm of physical metallurgy is that the addition of alloying elements

to metals increases their strength. It is less known if the solution-hardening can occur in

nano-scale objects, and it is totally unknown how alloying can impact the strength of defect-

free faceted nanoparticles. Purely metallic defect-free nanoparticles exhibit an ultra-high

strength approaching the theoretical limit. Tested in compression, they deform elastically

until the nucleation of the first dislocation, after which they collapse into a pancake shape.

Here, we show by experiments and atomistic simulations that the alloying of Ni nanopar-

ticles with Co reduces their ultimate strength. This counter-intuitive solution-softening

effect is explained by solute-induced local spatial variations of the resolved shear stress,

causing premature dislocation nucleation. At the same time, the subsequent deformation

of the particle requires more work, making it tougher. The emerging compromise between

strength and toughness can make alloy nanoparticles promising candidates for applications.
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The role of the theoretical strength of crystalline materials is similar to the role of the

speed of light in physics: it cannot be reached but sets the physical limits of what is

possible. Achieving the theoretical strength of a metallic material is the holy grail of

physical metallurgy. The theoretical strength of metals generally falls in the range of G/30

to G/8, where G is the elastic shear modulus of the metal [1]. In reality, metals and alloys

yield plastically at much lower stresses. Their plastic deformation is governed by the motion

of both new and existing dislocations and the activation of new internal dislocation sources.

Several strategies have been explored to increase the materials’ strength, such as alloying

[2], precipitation strengthening [3], grain size reduction [2], grain boundary engineering [4],

and microstructure tailoring [5, 6]. Although these strategies do help improve the strength,

it still remains far below the theoretical limit.

60 years ago, Brenner [7] discovered that the strength of metallic whiskers increases

with decreasing diameter from several micrometers downscale, eventually reaching the

GPa level. The increase in strength is primarily attributed to a change in the plastic

deformation mechanism from dislocation motion and multiplication in bulk materials to

dislocation nucleation in defect-free samples of sub-micrometer dimensions. Metallic micro-

and nanoparticles obtained by solid-state dewetting are examples of defect-free metallic

objects with strength approaching the theoretical limit [8–10]. They exhibit significantly

higher compression strength than defect-free metallic whiskers tested in tension [11, 12].

In the latter case, the large surface area catalyzes the heterogeneous nucleation of disloca-

tion half-loops at much smaller stresses than can be supported by nanoparticles tested in

compression [13, 14].

Recently, a record-high strength of 34 GPa was reported for defect-free face-centered

cubic (FCC) Ni nanoparticles produced by solid-state dewetting [9]. The particles had a

faceted shape with relatively rounded corners and edges and the (111) top facet aligned

parallel to the substrate. During the compression, the particles showed elastic behavior

up to a strain of about 0.2, followed by a sudden collapse into a pancake shape. The

rounded edges and corners reduced the stress concentration and delayed the collapse until

stresses approaching the theoretical limit. An even higher compressive strength of 46 GPa

(the highest strength ever reported for metallic materials) was recently achieved in body-

centered cubic Mo microparticles produced by two-stage solid-state dewetting [10]. The

deformation mode and the size exponent were similar to those in the FCC Ni nanoparticles,

suggesting that the absence of defects and the particle shape are more important for the

strength than the crystalline structure. Molecular dynamics (MD) simulations [9, 15] have

helped understand the dislocation mechanisms responsible for the strength of defect-free

nanoparticles.
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Previous studies of defect-free nanoparticles were focused on pure metals [8–10, 12].

Meanwhile, most technological applications utilize alloys rather than pure metals. Alloy-

ing is the standard way of improving materials’ strength in conventional metallurgy. In

bulk alloys, the solute atoms act as pinning centers, hindering the dislocation motion and

increasing the strength. However, the effect of alloying on the nucleation-controlled defor-

mation of nanoparticles remains largely unknown. The huge elastic energy accumulated

during the elastic stage of deformation can propel the newly nucleated dislocations through

the particle at high speed. It is not clear a priori if the traditional solid-solution harden-

ing mechanisms can operate under such extreme conditions. Furthermore, the solutes can

affect the particle strength by impacting the dislocation nucleation process. For example,

Zou et al.[16] suggested that the coherency strains induced by misfitting solute atoms seg-

regating to the surface in alloy thin films can make the dislocation nucleation easier than

in pure metals. This “solute softening” effect was observed in recent MD simulations of

Fe-Ni nanowires [17] and was attributed to local pressure fluctuations near the surface.

Similarly, MD simulations of an isolated spherical pore in Mg have shown a decrease in the

spall strength with the addition of Al atoms [18]. This spall softening effect was explained

by atomic misfit stresses promoting the dislocation nucleation at the pore surface. How-

ever, the solute effect on the strength of defect-free metallic nanoparticles has never been

studied experimentally or by simulation.

Here, we investigate the effect of alloying on the strength of Ni-Co nanoparticles. Co

exhibits an unlimited solubility in FCC Ni at high temperatures [19]. Based on the knowl-

edge of bulk Ni-Co alloys and Ni-Co wires, one would expect that the addition of Co should

increase the strength of the nanoparticles. Indeed, Ni-Co alloys perfectly follow the classic

pattern of solid-solution hardening in both in the bulk form and as wires. The yield stress

of well-annealed wires of 1 mm in diameter increases from 47.7 MPa in pure Ni to 68.3

MPa in the Ni-30wt.%Co alloy, with the flow stress increasing from 176 to 262 MPa [20].

MD simulations predict that the Ni-Co nanowires’ strength increases to about 10 GPa

upon the addition of 5-10at.%Co [21]. Contrary to this expectation, we find here that

the strength of defect-free Ni-Co nanoparticles actually decreases with the addition of Co,

resulting in the counter-intuitive solute-softening effect. Our MD simulations reveal that

the softening is caused by increased statistical variations of the local resolved shear stress

in near-surface regions of the particles, triggering early nucleation of the first dislocation.

At the same time, we show that the particles’ toughness increases with the addition of Co,

creating a combination of strength and toughness that can be attractive for technological

applications.
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Results

Experiments. The nanoparticles were fabricated by solid-state dewetting of a 30 nm thick

Ni-Co bilayer film from a single-crystalline sapphire substrate (Fig. 1a). Two films with

the target compositions of Ni-30at.%Co and Ni-50at.%Co, referred to hereafter as Ni-30Co

and Ni-50Co, respectively, were produced. A pure Ni film of the same thickness was also

deposited for reference. The nanoparticles formed as a result of dewetting the film from

the substrate at the temperature of 1150 �C (see Fig. 1b for the heat treatment protocol

and the Methods section for details of the fabrication process).

The HR-SEM micrographs in Fig. 2a-c show that many of the particles obtained have

faceted near-equilibrium shapes [8, 9], although some have not reached equilibrium and

remain elongated parallel to the substrate [22, 23]. All particles exhibit the same set of

facets with rounded edges and corners. The shape and morphology of the particles are

similar for all three compositions. To confirm the chemical homogeneity of the particles,

we examined TEM lamellae cut through the particle centers and aligned with the three-fold

symmetry plane. The bright-field (BF) TEM micrographs, SAEDs, and the EDS elemental

maps of the cross-sections are shown in Fig. 2d,e. The BF micrographs reveal the bottom

facets not visible in the top-view SEM micrographs. These facets indicate that the particle

center is located above the substrate in good agreement with the previous findings [9, 24].

SAED patterns obtained for the [110] zone axis exhibit sharp spots indicating the crystalline

nature of the particles. The particle facets identified with SAED are mainly parallel to

{200} and {111} crystallographic planes marked in Fig. 2d,e. Occasionally, {112} facets

could also be found in the rounded regions between other low-index facets, but they are

much smaller. The particles’ top surface corresponds to the {111} crystallographic plane

and is parallel to the (0001) plane of the substrate. The orientation relationship between

the particle and the substrate is further evident from the HR-STEM micrograph of the

particle-substrate interface in Supplementary Fig. 1. The elemental maps (Fig. 2d,e) and

composition profiles (Fig. 2f) confirm the homogeneous distribution of Ni and Co atoms

throughout the particles and the absence of any segregation at the particle surface or the

particle-substrate interface. The average Co concentrations in the Ni-30Co (33.3 at.%)

and Ni-50Co (51.4 at%) particles are close to the nominal compositions of the initial Ni-Co

bilayers. While most particles are single-crystalline, some Ni-50Co particles contain a twin

boundary parallel to the substrate.

Compression tests were performed in-situ within SEM. Most particles exhibited purely

elastic response up to the engineering strain of several percent, followed by an abrupt strain

burst previously observed in metallic particles [8–10] (Supplementary Fig. 2). Some parti-

cles exhibited a “staircase” yielding, probably caused by trapped internal defects [25]. Such
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cases were excluded from further analyses. The engineering stress-strain curves obtained

for different particle sizes are summarized in Fig. 3a-c. The engineering stress was obtained

by dividing the load by the top facet area in contact with the indenter. The engineering

strain was calculated by dividing the indenter’s displacement by the initial height of the

particle from AFM measurements. This engineering strain overestimates the true particle

strain as it includes the substrate deformation and machine compliance. The effective par-

ticle size is defined as the square root of the total projected area of the particle determined

from SEM micrographs. The strain bursts in Fig. 3a-c are caused by the onset of plastic

deformation and the accompanying drop in the material’s resistance to the load. Once the

resistance is lost, the indenter rams into the particle and smashes it into a disk (“pancake”)

(Fig. 3e).

We define the compressive strength σ of a particle as the engineering stress at the onset

of plasticity. The strength dependence on the particle size d is displayed in Fig. 4, where

the new data for pure Ni is combined with the previous results [9]. Despite the large

scatter and significant overlap of the three datasets, the softening trend upon the addition

of Co is apparent and is especially pronounced for larger particles. The size exponents n

obtained from σ ∝ d�n fits of the datasets are 0.70 ± 0.05, 1.15 ± 0.15 and 1.08 ± 0.12

for pure Ni, Ni-30Co, and Ni-50Co, respectively. Although the confidence intervals of the

alloy dataset overlap, the average values of n suggest a non-monotonic behavior with the

Ni-30Co composition exhibiting a stronger size dependence than the Ni-50Co composition.

The atomistic simulations discussed below reveal a similar non-monotonic behavior of the

softening effect and help understand the underlying mechanisms.

Atomistic simulations. Atomic interactions in the Ni-Co system were described

by an angular-dependent many-body interatomic potential [26]. The computer-generated

nanoparticles had faceted shapes with rounded corners and edges mimicking the experimen-

tal shapes. The chemical composition of the particles varied from pure Ni to Ni-60at.%Co.

The simulated compression tests were performed by clamping the particle between two

semi-soft walls, one of which was fixed and the other moved into the particle with a con-

stant speed. The top and bottom (111) facets were parallel to the walls. The engineering

strain and stress were defined as in the experiment. Further simulation details can be found

in the Methods section.

As in the experiments, the particles deformed elastically up to a few percent of strain

followed by an abrupt drop of the stress signifying the onset of plastic deformation (Fig. 5a).

The size dependence of the particle strength, defined as the peak stress, is shown in Fig. 5b.

The results follow the smaller is stronger trend observed experimentally (cf. Fig. 4) but

extend this trend to smaller sizes not covered by the experiment. Note that Co reduces
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the particle strength in a non-monotonic manner: the Ni-30Co particles have a smaller

strength than both pure Ni and the Ni-50Co particles. This non-monotonic behavior of

the strength correlates with the experiment and is presented in more detail in Fig. 5c.

The strength reaches a minimum at about 10-15%Co, followed by an increase at higher

concentrations.

On the dislocation level, plastic deformation always started with the nucleation of a

partial and then a full dislocation half-loop at the top or bottom facet, usually close to

one of its edges. Occasionally, two dislocations nucleated almost simultaneously. The

subsequent events depended on the chemical composition. In pure Ni particles (Fig. 6a),

as the first dislocation half-loop grew, more dislocations nucleated on the same facet,

creating a dense dislocation crowd propagating deeper into the particle. The dislocation

segments had the form of smooth arcs with the usual dissociation into partials. In some

cases, a similar dislocation crowd emerged at the opposite facet and also propagated into

the particle. The dislocations quickly spread across the particle and formed a tangle with

a high dislocation density. This point marked the end of the first stress drop observed in

the simulations and the strain burst in the experiments. The dislocations then annihilated

with each other and/or at the side surfaces and their density decreased, waiting for the

next (usually smaller) deformation burst. In the alloy particles (Fig. 6b), the nucleation

of the first dislocation (occasionally, two dislocations) happened earlier in time. Only this

first dislocation usually propagated into the particle without any other nucleation events.

The dislocation line was broken into multiple segments separated by pinning points. It

soon developed a highly entangled shape and left debris in the form of tiny loops and other

defects in its wake. New dislocations only nucleated when this tangle reached the opposite

facet and/or spread over the side surfaces. The maximum dislocation density reached was

smaller than in pure Ni particles (Fig. 6c), which correlates with the smaller strain bursts

in the experimental alloy particles (cf. Fig. 3a-c).

Having established the solute softening effect by both experiments and simulations,

we next turn the attention to the deformation after the stress drop. This stage could

not be examined in the experiments due to the inertia of the indenter that immediately

smashed the particle. However, the simulations reveal that the subsequent compression

of the particles is accompanied by a series of smaller stress peaks similar to a saw tooth

(Fig. 7a). The bursts of plastic deformation are caused by dislocation avalanches followed

by periods of elastic energy accumulation under a relatively low dislocation density. On

average, the stress displays a clear increasing trend with the strain, an effect known as strain

hardening. The area under the stress-strain curve from zero to a particular strain is the

work of deformation commonly referred to as toughness. Fig. 7b and Supplementary Fig. 3
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show that the toughness increases monotonically with the Co concentration, especially

as more stain is accumulated. In other words, while Co reduces the particle strength,

it also increases its toughness. The plastic deformation starts earlier but requires more

work to continue. The alloying also changes the character of plastic deformation. In

pure Ni particles, the plastic flow is unstable and easily localizes in shear bands causing

irregular particle shapes (Fig. 7c). By contrast, the deformation of the alloy particles is

more homogeneous and preserves the faceted shape down to strong compressions (Fig. 7d).

Discussion

The experiments and simulations reported here demonstrate that alloying of defect-free Ni

nanoparticles with Co reduces their strength. This counter-intuitive solid-solution softening

effect contradicts the established behavior of bulk alloys, which are dominated by the

solid-solution hardening [20]. At the same time, the alloying makes the particles tougher,

increases the strain hardening, and stabilizes the plastic flow. It should be emphasized

that, despite the relative softening, the nanoparticles’ strength remains on the level of tens

of GPa. This combination of ultra-high strength and increased toughness can make the

alloy nanoparticles promising candidates for many technological, biological and medical

applications [27–29], including nanoelectronics [30], nanomagnetics [31, 32], and catalysis

[33, 34]. In particular, the catalytic activity of metallic nanoparticles can be optimized

by strain engineering [35–37]. For example, the catalytic activity can be enhanced by

coherency strains arising in the shell of core-shell particles [36], but only if the material

can sustain high enough stresses. The synergism between the strength and toughness

achieved by alloying can open new opportunities for the design of metallic nanoparticles

with advanced catalytic performance.

The failure of both Ni and Ni-Co nanoparticles is caused by a dislocation avalanche

triggered by a single dislocation nucleation event at one of the facets. However, the detailed

dislocation mechanisms operating in the Ni and Ni-Co particles are markedly different. In

Ni particles, the first nucleation event is immediately followed by the nucleation of multiple

dislocations from the same location, creating a dislocation crowd quickly spreading into the

particle. In the alloy particles, the first dislocation evolves into a complex shape consisting

of curls and spirals forming a thick tangle propagating deep into the particle’s interior.

Pinning by solute atoms breaks the dislocation line into multiple irregular segments and

impedes its motion.

An interesting feature of the alloying effect found here is the non-monotonic dependence

of the particle strength on the solute concentration. Simulations show that the particle
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strength drops about 33% relative to pure Ni upon the addition of 10-15 % of Co atoms

(Fig. 5c) before rebounding at higher concentrations. We have tested the hypothesis that

this effect is caused by elastic softening of the material evident from the slopes of the initial

portions of the stress-strain plots (Fig. 5a). Calculations show that the effective modulus

of the particles does indeed follow a non-monotonic behavior with chemical compositions,

as does the Young modulus of the bulk Ni and Ni-Co in the [111] direction (Supplementary

Fig. 5). However, the elastic minimum occurs at about 20-25 %Co and is too shallow

(about 12% relative to pure Ni) to explain the deep minimum of the strength. A more

plausible explanation is that the minimum of the strength is caused by competition be-

tween two opposing factors: the solute-induced reduction of the nucleation barrier for the

first dislocation and the solute friction impeding the dislocation motion once the nucleation

barrier is overcome. A minimum can arise if the first effect is stronger at lower Co concen-

trations (causing softening) while the second dominates at higher concentrations (causing

hardening).

The solute softening can be explained by spatial variations of the local stress caused by

the random distribution of the solute atoms. To demonstrate such variations, we examined

the distribution of the maximum resolved atomic stress (MRAS) across the particles right

before the nucleation of the first dislocation (see the Methods section). We found that, in

the alloy particles, the distribution exhibits a long tail extending to high MRAS values.

Such high values are predominantly reached near the edges of the top or bottom facet. As

a result, the critical stress for the dislocation nucleation is reached when the average stress

in the particle is lower than in Ni particles of the same size. A similar softening model

was discussed in recent simulations of Fe-Ni nanowires [17], where local pressure was used

instead of the more relevant MRAS.

On the hardening branch of the strength curve (Fig. 5c), we observe solute pinning of

the dislocation lines suggesting significant friction to their motion. The dislocations also

undergo more extensive cross-slip in the alloy particles than in Ni particles (Supplementary

Fig. 6). The cross-slip is activated by the increased stacking fault energy (SFE) in the ran-

dom Ni-Co solution compared to pure Ni. This is evident from the narrower dissociation

widths in the alloy particles (Fig. 6) and was also confirmed by direct calculations. Supple-

mentary Fig. 7 shows that the SFE significantly increases with Co concentration, reaching

a shallow maximum at about 40-50 %Co. There is no contradiction to the experimentally

observed SFE reduction in Ni-Co alloys [2]. The measurements were made on annealed

samples with an equilibrium distribution of the solute atoms at the stacking faults (Suzuki

atmospheres). In our case, the fast-moving dislocations do not have the time to reduce the

SFE by forming Suzuki atmospheres, which is a diffusion-controlled process. Combined
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with the solute pinning effect, the extensive cross-slip leads to highly entangled dislocation

configurations with relatively low mobility.

Methods

Experimental methodology. Ni-Co bilayers with the Ni layer on top were deposited on

the (0001)-oriented sapphire substrate by magnetron sputtering under Ar (99.9999%) at-

mosphere of 3 mTorr and room temperature without vacuum break (Fig. 1a). The polished

side of the substrate had been ultrasonically cleaned prior to the deposition following the

standard cleanroom protocol. The initial film thickness influences the size distribution of

the nanoparticles obtained after the dewetting. To produce particles with consistent size

distributions, the film thickness was kept constant at 30 nm for different chemical com-

positions, including pure Ni. The films were heat-treated under forming gas atmosphere

(Ar-10% H2, flow rate 100 sccm) in a resistive tube furnace GSL-1500X-OTF (MTI cor-

poration). A bare sapphire plate was placed between the sample and the quartz boat to

avoid any source of contamination. The dewetting was performed at the temperature of

1150 �C for 18 h (Fig. 1b). A low heating and cooling rate of 4 �C/min was chosen to avoid

thermal shock and achieve complete mixing in the bilayer.

The morphology of the nanoparticles produced by the dewetting was characterized

using Carl Zeiss Ultra Plus high-resolution scanning electron microscope (HR-SEM) at an

operating voltage of 3 keV. The cross-sectional microstructure of the Ni-30Co and Ni-50Co

particles was further characterized by transmission electron microscopy (TEM). Bright-field

TEM micrographs and selected-area electron diffraction (SAED) patterns were acquired

in FEI Technai G2 T20 TEM operating at 200 keV. Elemental distribution maps were

recorded using energy dispersive X-ray spectroscopy (EDS) in the scanning transmission

electron microscopy (STEM) mode in aberration-corrected Themis G2 300 TEM operating

at 60-300 keV. All cross-sectional TEM samples were prepared using the standard lift-out

method in FEI Helios Nanolab G3 Dualbeam FIB. The lift-out lamella was mounted on

Mo grid and thinned down by Ga ion beam to electron transparency. The lamella was

finally cleaned by Ga ion beam with a current of 7 pA at 2 keV to remove damaged layers.

In-situ compression tests of the nanoparticles were performed using a Hysitron PI85

picoindenter with a flat rectangular diamond punch of 1 µm in diagonal actuated by

capacitance-controlled transducer inside a HR-SEM. The tests were conducted in displacement-

control mode at a constant displacement rate of 1 nm/s. Load-displacement data from the

compression tests were obtained after correcting for thermal drift. The image analysis was

performed using ImageJ20 software. TEM and STEM EDS data were visualized and ana-
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lyzed using Gatan Microscopy Suite (GMS3) DigitalMicrograph® and Thermo Scientific

Velox®, respectively.

Simulation methodology. Atomic interactions in the Ni-Co system were modeled

by the many-body angular-dependent interatomic potential [26]. The MD simulations

utilized the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [38].

The atomic structures were visualized with the Open Visualization Tool (OVITO) software

package [39]. The initial set of Ni nanoparticles was created by the Wulff construction using

the 0 K surface energies predicted by the potential. The particle sizes ranged from 15 to 60

nm (105 to 107 atoms). The initially sharp edges and corners of the particles were smoothed

by the “simulated surface evaporation” procedure developed previously [9]. We chose the

roundness parameter [9] of 0.03 to best represent the experimental particle shapes. To

obtain the alloy particles, we randomly replaced the Ni atoms with Co to achieve the

desired chemical composition.

In the simulated compression tests, the substrate and indenter were represented by a

harmonic potential wall exerting a linear force with an effective elastic modulus of 100

GPa. The position of the lower wall (substrate) was fixed while the upper wall (indenter)

was moved into the particle with a constant speed of 1 m s�1, simulating the displacement-

controlled deformation implemented in the experiments. The top and bottom facets of

the particle had the (111) orientation. To eliminate thermal stresses, we pre-expanded

the particles according to the composition-dependent thermal expansion factor at the MD

temperature (300 K) and thermalized them by a canonical MD simulation before applying

the load. The engineering stress and strain were defined as in the experiment. The stress

distribution inside the particle was represented by the virial stress tensor implemented

in LAMMPS. As in the experiments, we define the particle strength as the engineering

stress at the first peak of the stress-strain curve, and the particle size as its initial effective

diameter. The strength values reported here were obtained by averaging over several (5 to

10) independent tests with different random distributions of the Co atoms. The error bars

in Fig. 5b,c correspond to one standard deviation.

The atomic structures were visualized by several different methods, depending on the

goal. These include visualization by the potential energy, the bond-angle analysis, and the

dislocation extraction algorithm (DXA) implemented in OVITO. The DXA algorithm was

used to visualize and count the dislocations inside the particles (Fig. 4c) and analyze the

dislocation cross-slip (Supplementary Fig. 4c).

The effective elastic modulus of the nanoparticles reported in Supplementary Fig. 5

was computed from the slopes of the initial portions of the stress-strain curves (see for

example Fig. 5a). The Young modulus Y[111] of bulk Ni and Ni-Co alloys was obtained by
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MD simulations of a periodic cell (about 7×105 atoms) elongated along the [111] direction

with a strain rate of 10�7 s�1 under zero stress conditions in the lateral directions. Y[111]

was extracted from linear fits to the stress-strain relations averaged over several random

distributions of the Co atoms.

To study the stacking faults, four parallel edge dislocations were created in a square

periodic block (about 105 atoms), as in Supplementary Fig. 7a,b. After introducing Co

atoms by random substitution, and 4 ns long MD run was performed at 300 K to allow

equilibrium dissociation of the dislocations into partials. The stacking fault width was

estimated from the number of atoms with a hexagonal close-packed environment identified

by the bond angle analysis. The stacking fault energy was obtained by separate calculations

using a simulation block (about 2×105 atoms) containing a single stacking fault with open

surfaces in the direction normal to the fault. The excess energy associated with the fault

was calculated by comparing the total energy with the energy of a perfect lattice block

containing the same number of atoms and the same open surfaces. The results reported in

Supplementary Fig. 7c,d were obtained by averaging over several Co atom distributions.

The stress distribution inside the particles was analyzed in terms of the maximum

resolved atomic stress (MRAS), defined as the maximum value of the atomic stress tensor

resolved along all possible slip systems. The min-max scaled MRAS (Fig. 8) was obtained

from the maximum and minimum MRAS values in the particle by the formula

(MRAS)scaled =
MRAS− (MRAS)min

(MRAS)max − (MRAS)min

. (1)

The results reported in Fig. 8a were averaged over 5 independent simulations with different

distributions of Co atoms.

Data availability. The data that support the findings of this study are available in

the Supplementary Information file or from the corresponding authors upon reasonable

request.

References

[1] N. H. Macmillan, The theoretical strength of solids, J. Mater. Sci. 7 (1972) 239–254.

[2] R. Madhavan, R. K. Ray, S. Suwas, Micro-mechanical aspects of texture evolution in

nickel and nickel–cobalt alloys: role of stacking fault energy, Philos. Mag. 96 (2016)

3177–3199.

11



[3] H. S. Ho, M. Risbet, X. Feaugas, Correlation of precipitation state in a nickel-base

superalloy on fatigue damage: A local approach of crack initiation resulting from the

localization of plastic deformation on slip band, Materials Letters 93 (2013) 207–209.

[4] A. H. Chokshi, A. Rosen, J. Karch, H. Gleiter, On the validity of the Hall-Petch

relationship in nanocrystalline materials, Scripta Metallurgica 23 (1989) 1679–1683.

[5] J. Azadmanjiri, C. C. Berndt, A. Kapoor, C. Wen, Development of surface nano-

crystallization in alloys by surface mechanical attrition treatment (SMAT), Critical

Reviews in Solid State and Materials Sciences 40 (2015) 164–181.

[6] A. Bisht, S. Gaddam, L. Kumar, B. P. Dileep, S. Suwas, Precipitation behavior of

IN718 after surface mechanical attrition treatment (SMAT) and its effect on wear

properties, JOM 70 (2018) 2667–2676.

[7] S. S. Brenner, Tensile strength of whiskers, J. Appl. Phys. 27 (1956) 1484–1491.

[8] D. Mordehai, S.-W. Lee, B. Backes, D. J. Srolovitz, W. D. Nix, E. Rabkin, Size effect

in compression of single-crystal gold microparticles, Acta Mater. 59 (2011) 5202–5215.

[9] A. Sharma, J. Hickman, N. Gazit, E. Rabkin, Y. Mishin, Nickel nanoparticles set a

new record of strength, Nature Communications 9 (2018) 4102.

[10] A. Sharma, R. Kositski, O. Kovalenko, D. Mordehai, E. Rabkin, Giant shape- and

size-dependent compressive strength of molybdenum nano- and microparticles, Acta

Materialia 198 (2020) 72–84.

[11] G. Richter, K. Hillerich, D. S. Gianola, R. Monig, O. Kraft, C. A. Volkert, Ultrahigh

strength single crystalline nanowhiskers grown by physical vapor deposition, Nano

Letters 9 (2009) 3048–3052.

[12] T. J. Flanagan, O. Kovalenko, E. Rabkin, S.-W. Lee, The effect of defects on strength

of gold microparticles, Scripta Materialia 171 (2019) 83–86.

[13] E. Rabkin, D. J. Srolovitz, Onset of plasticity in gold nanopillar compression, Nano

letters 7 (2007) 101–107.

[14] H. Bei, Y. F. Gao, S. Shim, E. P. George, G. M. Pharr, Strength differences arising

from homogeneous versus heterogeneous dislocation nucleation, Phys. Rev. B 77 (2008)

060103.

12



[15] J. Amodeo, K. Lizoul, Mechanical properties and dislocation nucleation in nanocrys-

tals with blunt edges, Materials & Design 135 (2017) 223–231.

[16] L. Zou, C. Yang, Y. Lei, D. Zakharov, J. M. K. Wiezorek, D. Su, Q. Yin, J. Li, Z. Liu,

E. A. Stach, J. C. Yang, L. Qi, G. Wang, G. Zhou, Dislocation nucleation facilitated

by atomic segregation, Nature materials 17 (2018) 56.

[17] J. Chen, P. Li, E. E. Lin, A molecular dynamics study on the mechanical properties

of Fe–Ni alloy nanowires and their temperature dependence, RSC Advances 10 (2020)

40084–40091.

[18] M. S. Nitol, S. Adibi, C. D. Barrett, J. W. Wilkerson, Solid solution softening in

dislocation-starved Mg–Al alloys, Mechanics of Materials 150 (2020) 103588.

[19] T. Nishizawa, K. Ishida, The Co-Ni (Cobal-Nickel) system, Bull. Alloy Phase Dia-

grams 4 (1983) 387–390.

[20] J. S. Blakemore, The Portevin-Le Chatelier effect in hydrogenated nickel alloys, Met-

allurgical Transactions 1 (1970) 151–156.

[21] X. Lu, P. Yang, J. Luo, J. Ren, H. Xue, Y. Ding, Tensile mechanical performance

of Ni–Co alloy nanowires by molecular dynamics simulation, RSC Advances 9 (2019)

25817–25828.

[22] C. M. Müller, R. Spolenak, Determination of the Au/SiNx interfacial energy by AFM

and FIB tomography, Surface Science 617 (2013) 94–105.

[23] O. Kovalenko, E. Rabkin, Mechano-stimulated equilibration of gold nanoparticles on

sapphire, Scripta Materialia 107 (2015) 149–152.

[24] H. Meltzman, D. Chatain, D. Avizemer, T. M. Besmann, W. D. Kaplan, The equilib-

rium crystal shape of nickel, Acta Mater. 59 (2011) 3473–3483.

[25] S. G. Corcoran, R. J. Colton, E. T. Lilleodden, W. W. Gerberich, Anomalous plastic

deformation at surfaces: Nanoindentation of gold single crystals, Phys. Rev. B 55

(1997) R16057.

[26] G. P. Purja Pun, V. Yamakov, Y. Mishin, Interatomic potential for the ternary

Ni–Al–Co system and application to atomistic modeling of the B2–L10 martensitic

transformation, Model. Simul. Mater. Sci. Eng. 23 (2015) 065006.

13



[27] R. Ferrando, J. Jellinek, R. L. Johnston, Nanoalloys: From theory to applications of

alloy clusters and nanoparticles, Chemical Reviews 108 (2008) 845–910.

[28] M. Ranjani, Y. Sathishkumar, Y. S. Lee, D. Jin Yoo, A. R. Kim, G. Gnana ku-

mar, Ni-Co alloy nanostructures anchored on mesoporous silica nanoparticles for

non-enzymatic glucose sensor applications, RSC Advances 5 (2015) 57804–57814.

[29] K.-H. Huynh, X.-H. Pham, J. Kim, S. H. Lee, H. Chang, W.-Y. Rho, B.-H. Jun,

Synthesis, properties, and biological applications of metallic alloy nanoparticles, In-

ternational journal of molecular sciences 21 (2020) 5174.

[30] S. Liu, Q. Zhao, M. Tong, X. Zhu, G. Wang, W. Cai, H. Zhang, H. Zhao, Ultrafine

nickel–cobalt alloy nanoparticles incorporated into three-dimensional porous graphitic

carbon as an electrode material for supercapacitors, Journal of Materials Chemistry

A 4 (2016) 17080–17086.

[31] S. K. Lim, K. S. Ban, Y.-H. Kim, C. K. Kim, C. S. Yoon, S. Jin, Monolayered Ni–Co

alloy nanoparticles template fabricated using a Ni nanoparticle array, Applied Physics

Letters 88 (2006) 163102.

[32] G. Guisbiers, R. Mendoza, Magnetic, thermal and martensitic phase transitions in

Ni-Co nanoparticles, Nanotechnology 31 (2020) 295702.

[33] S. Wen, T. Yang, N. Zhao, L. Ma, E. Liu, Ni-Co-Mo-O nanosheets decorated with

NiCo nanoparticles as advanced electrocatalysts for highly efficient hydrogen evolution,

Applied Catalysis B: Environmental 258 (2019) 117953.

[34] B. Zhao, P. Liu, S. Li, H. Shi, X. Jia, Q. Wang, F. Yang, Z. Song, C. Guo, J. Hu,

Z. Chen, X. Yan, X. Ma, Bimetallic Ni-Co nanoparticles on SiO2 as robust catalyst

for CO methanation: Effect of homogeneity of Ni-Co alloy, Applied Catalysis B:

Environmental 278 (2020) 119307.

[35] A. Khorshidi, J. Violet, J. Hashemi, A. A. Peterson, How strain can break the scaling

relations of catalysis, Nature Catalysis 1 (2018) 263–268.

[36] Z. Xia, S. Guo, Strain engineering of metal-based nanomaterials for energy electro-

catalysis, Chemical Society Reviews 48 (2019) 3265–3278.

[37] Z. Wu, B. Yang, S. Miao, W. Liu, J. Xie, S. Lee, M. J. Pellin, D. Xiao, D. Su, D. Ma,

Lattice strained Ni-Co alloy as a high-performance catalyst for catalytic dry reforming

of methane, ACS Catalysis 9 (2019) 2693–2700.

14



[38] S. Plimpton, Fast parallel algorithms for short-range molecular-dynamics, J. Comput.

Phys. 117 (1995) 1–19.

[39] A. Stukowski, Visualization and analysis of atomistic simulation data with OVITO –

the open visualization tool, Model. Simul. Mater. Sci. Eng 18 (2010) 015012.

Acknowledgements

R. K. K. and Y. M. acknowledge support from the National Science Foundation, Award

No. 1904428. E. R., A. B., and Y. Q. wish to thank the US-Israel Bi-National Science

Foundation (joint BSF-NSF grant No. 2018625) for support. J. H. was supported by an

NRC Research Associateship award at the National Institute of Standards and Technology

(NIST).

Author contributions

A. B. conducted the experiments designed and directed by E. R. Y. Q. contributed to

TEM characterization of the particles. R. K. K. conducted the simulations under Y. M.’s

direction and supervision. J. H. help R. K. K. set up the simulation methodology at

the initial stages of this work. Y. M. prepared a draft of the complete manuscript. All

co-authors participated in the manuscript editing and approved its final version.

Additional information

Supplementary Information accompanies this paper at https://doi.org/...

Competing interests: The authors declare no competing interests.

15



Figure 1: Fabrication of defect-free Ni-Co nanoparticles by solid-state dewetting. a

Schematic of the initial Ni-Co bilayer thin film on (0001)-oriented sapphire substrate. b

Heat treatment schedule employed for the dewetting of the film.

Figure 2: Characterization of Ni and Ni-Co nanoparticles produced by solid-state dewet-

ting. SEM micrographs of faceted single-crystalline a Ni, b Ni-30Co, and c Ni-50Co

nanoparticles obtained by solid-state dewetting. d, e Bright-field TEM micrographs,

selected-area electron diffraction (SAED) patterns, and TEM EDS elemental distribution

maps (Blue: Ni; Yellow: Co) for d Ni-30Co and e Ni-50Co nanoparticles. f Concentration

line profiles across the particles along the lines AA and BB marked in d and e.
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a b c

d e

Figure 3: Mechanical testing of Ni and Ni-Co nanoparticles. (a-c) Engineering compressive

stress-strain curves measured in this work for selected particles of a Ni, b Ni-30Co, and

c Ni-50Co. d SEM image of a Ni-30Co particle a during a compression test and b after

collapse into a disk causing a stain burst.

a b c

Figure 4: Effect of alloying on the mechanical strength of nanoparticles. Experimental

compressive strength as a function of particle size for a Ni, b Ni-30Co, and c Ni-50Co.

The straight lines show linear fits.
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Figure 5: Mechanical properties of nanoparticles. a Typical engineering stress-strain curves

for a 40 nm particle. b Strength as a function of particle size. c Strength as a function of

chemical composition for 35 nm particles.
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Figure 6: Dislocation processes at early stages of plastic deformation. Dislocation nucle-

ation and multiplication in 60 nm nanoparticles of a Ni and b Ni-50Co. The numbers

indicate the time (in picoseconds) from the start of the simulation. The dislocations are

visualized by the DXA algorithm with the red atoms representing stacking faults. Non-

dislocated atoms are invisible. c Number of dislocation segments in 35 nm nanoparticles

for several chemical compositions.
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Figure 8: Characterization of stresses in nanoparticles under compression. a MRAS dis-

tribution scaled by the min-max formula (1) in 35 nm particles of pure Ni and Ni-30Co.

The inset shows the min-max scaled MRAS distributions in the particle cross-sections. b

MRAS in the particles as a function of the z-coordinate normal to the substrate (z = 0

at the particle center). Only the high end of the MRAS distribution is shown for clarity.

c Positions of the points shown in b in the top view of the particle. The hexagon shape

corresponds to the top (111) facet. Note that the highest MRAS values are reached in the

Ni-30Co particle and are concentrated at the facet edges (red circles).
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Figures

Figure 1

Fabrication of defect-free Ni-Co nanoparticles by solid-state dewetting. a Schematic of the initial Ni-Co
bilayer thin �lm on (0001)-oriented sapphire substrate. b Heat treatment schedule employed for the
dewetting of the �lm.



Figure 2

Characterization of Ni and Ni-Co nanoparticles produced by solid-state dewetting. SEM micrographs of
faceted single-crystalline a Ni, b Ni-30Co, and c Ni-50Co nanoparticles obtained by solid-state dewetting.
d, e Bright-�eld TEM micrographs, selected-area electron di฀raction (SAED) patterns, and TEM EDS
elemental distribution maps (Blue: Ni; Yellow: Co) for d Ni-30Co and e Ni-50Co nanoparticles. f
Concentration line pro�les across the particles along the lines AA and BB marked in d and e.



Figure 3

Mechanical testing of Ni and Ni-Co nanoparticles. (a-c) Engineering compressive stress-strain curves
measured in this work for selected particles of a Ni, b Ni-30Co, and c Ni-50Co. d SEM image of a Ni-30Co
particle a during a compression test and b after collapse into a disk causing a stain burst.

Figure 4

E฀ect of alloying on the mechanical strength of nanoparticles. Experimental compressive strength as a
function of particle size for a Ni, b Ni-30Co, and c Ni-50Co. The straight lines show linear �ts.



Figure 5

Mechanical properties of nanoparticles. a Typical engineering stress-strain curves for a 40 nm particle. b
Strength as a function of particle size. c Strength as a function of chemical composition for 35 nm
particles.

Figure 6

Dislocation processes at early stages of plastic deformation. Dislocation nucleation and multiplication in
60 nm nanoparticles of a Ni and b Ni-50Co. The numbers indicate the time (in picoseconds) from the
start of the simulation. The dislocations are visualized by the DXA algorithm with the red atoms
representing stacking faults. Nondislocated atoms are invisible. c Number of dislocation segments in 35
nm nanoparticles for several chemical compositions.



Figure 7

Alloying increases the nanoparticle toughness. a Example of stress-strain curves for 35 nm nanoparticles
deformed up to the strain of 35%. b Toughness of 35 nm nanoparticles as a function of strain. c-d
Deformed shapes of the c Ni and d Ni-50Co 35 nm nanoparticles. The atoms are colored according to
potential energy, with brighter colors representing larger energy. The strain is indicated under the images.

Figure 8

Characterization of stresses in nanoparticles under compression. a MRAS distribution scaled by the min-
max formula (1) in 35 nm particles of pure Ni and Ni-30Co. The inset shows the min-max scaled MRAS
distributions in the particle cross-sections. b MRAS in the particles as a function of the z-coordinate
normal to the substrate (z = 0 at the particle center). Only the high end of the MRAS distribution is shown
for clarity. c Positions of the points shown in b in the top view of the particle. The hexagon shape



corresponds to the top (111) facet. Note that the highest MRAS values are reached in the Ni-30Co particle
and are concentrated at the facet edges (red circles).
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