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Solid solution softening in single crystalline metal nanowires studied by atomistic simulations
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Solid solution strengthening is a common method used in physical metallurgy to increase the strength of
metals. However, it is also possible for solute atoms to reduce the strength of metals, known as the solid
solution softening effect. In this paper, atomistic simulations were carried out using molecular dynamics and
Monte Carlo simulations to explore the softening phenomenon in single crystalline metal nanowires (MNWs)
of different alloy systems. It was found that, for single crystalline MNWs, softening is more prominent than
strengthening when solute atoms are introduced, which contrasts with the solid solution strengthening that is
usually observed in bulk metals. The reduction of unstable stacking fault energy, increase in atomic size misfit,
and solute clustering are responsible for this phenomenon, as they facilitate the surface dislocation nucleation in
the alloyed nanowires. Additionally, while the nanowire diameter, orientation, surface segregation, and chemical
short-range ordering all influence the yield strength, they do not alter the overall softening trend. It is assumed
that the softening mechanisms uncovered in this paper are applicable to metallic structures whose yielding is
determined by dislocation nucleation.
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I. INTRODUCTION

Alloying with solute atoms is a classical approach for im-
proving the strength of metals. However, it has been shown
that solute atoms can also reduce the strength of certain
metals, a phenomenon known as solid solution softening
(SSS) [1]. This effect was reported in the 1960s, when Ar-
senault [2] studied the solid solution effects in body-centered
cubic (bcc) metals. He proposed that SSS is caused by the
reduction in Peierls stress due to the presence of solute atoms,
and his theoretical calculations were consistent with exper-
imental results. This theory was further validated by Cheng
et al. [3], who explored the effect of small additions of Al into
a Cantor CoCrFeMnNi high-entropy alloy (HEA) resulting in
softening, while Al additions into CoCrNi medium-entropy
alloys (MEAs) caused hardening [4,5]. Another reason be-
hind SSS is local lattice distortion, which is attributed to
the facilitation of dislocation nucleation in dislocation-starved
alloys, even though it can impede the dislocation motion [6].
Medvedeva et al. [7–9] asserted that SSS in Mo-based alloys
is caused by electron structures. They stated that the addition
of elements with excess electrons (e.g., Pt, Ir, Os, or Re) as
solute atoms into the bcc Mo matrix induces SSS owing to the
reduction in stacking fault energy (SFE) and shear stress on
the atomic scale, which facilitates double-kink nucleation and
enhances dislocation mobility. On the contrary, the addition of
solute atoms such as Hf would lead to a hardening effect due
to the lack of electrons in the outer shell.

Although the strength of the metals can be reduced by
solute atoms, there are potential improvements in terms of
toughness and ductility. For instance, the toughness of Ni-Co
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alloy nanoparticles can be improved with higher Co concen-
tration [10], and small additions of Al into the Cantor HEA
can soften strength but enhance ductility [3]. Moreover, SSS
can improve the ductility of bcc tungsten-based alloys [11]
and face-centered cubic (fcc) silver-based alloys [12]. To im-
prove the ductility of hexagonal close-packed (hcp) Mg-based
alloys, the SSS strategy has been used to show that yttrium is
a potential solute element by significantly reducing the SFE
and inducing softening while enhancing ductility [13].

Previous work into SSS mainly focused on polycrystals
since conventional bulk metals are mostly polycrystalline. In
recent decades, single crystalline metal nanowires (MNWs)
have emerged as an important class of metallic structures
with unique mechanical properties [14–17] that can be eas-
ily fabricated via various methods [18–21] and developed
for numerous applications [22–25]. However, the softening
phenomenon and the corresponding mechanisms caused by
solute atoms in single crystalline metals, or more specifically
single crystalline MNWs, remain largely unknown. In recent
studies, Bisht et al. [10] and Sharma et al. [26] found SSS in
defect-free Ni-Co and Ni-Fe single crystalline nanoparticles
through both experiments and molecular dynamics (MD) sim-
ulations. This is different from the strengthening effect caused
by the addition of Co solute atoms into the Ni-based superal-
loys [27]. Their research showed that softening was associated
with solute-induced premature dislocation nucleation at sites
with local stress concentration in Ni-Fe and the local spatial
variations of resolved shear stress in Ni-Co nanoparticles,
respectively. It is unclear whether the softening mechanisms
based on polycrystalline bulk metals or single crystalline
metal nanoparticles still work, or if alloying-induced soften-
ing mechanisms can be observed in single crystalline MNWs.

In this paper, atomistic simulations were used to explore
the substitutional solute effects on the yield strength of various
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FIG. 1. Atomistic structure of the cylindrical Ni-Cu metal
nanowire (MNW) model. The green spheres represent nickel atoms,
while the brown ones represent copper atoms, which are randomly
distributed throughout the MNW. The MNW axis is oriented parallel
to the x axis.

single crystalline MNWs at room temperature. Different alloy
systems (i.e., Ni-Cu, Ni-Co, Cu-Ag, NiFe-Cu, CoCrNiFe-Cu,
and Al-Mg) were chosen to perform uniaxial tensile tests.
Hybrid MD/Monte Carlo (MC) simulations were employed to
investigate the possible solute distribution effects on softening
phenomenon. The SFE and atomic size misfit were also calcu-
lated to evaluate the sources of softening in yield strength in
single crystalline MNWs. Several softening mechanisms were
found and discussed.

II. COMPUTATIONAL METHODS

A. Tools and MNW model construction

All atomistic simulations in this paper were performed by
using the open-source software package LAMMPS [28], while
MNW models were constructed with Atomsk [29]. All initial
models were created by randomly substituting the correspond-
ing host atoms with solute ones. For atomic visualization,
OVITO [30] was employed. Structure identification was done
using the common neighbor analysis method [31], and dis-
location analysis was done with the dislocation extraction
algorithm [32], which is integrated into the toolkit OVITO.

To study the SSS phenomenon of single crystalline MNWs,
several different alloy systems were chosen. Ni-Cu was se-
lected for its unlimited solubility, while Ni-Co was chosen for
comparison with the work by Bisht et al. [10]. The NiFe-
Cu MEA and CoCrNiFe-Cu HEA systems were employed
to investigate the possible chemical effects on SSS. Addi-
tionally, the immiscible Cu-Ag alloy system and the widely
used Al-Mg alloy system were chosen for their comprehensive
engineering applications. All MNWs were cylindrical and had
a length-to-diameter ratio of ∼3.2, like Refs. [33,34], and
a diameter of ∼4 nm, varying slightly based on the lattice
constants of the alloy system. Here, 〈111〉-oriented Ni-Cu
MNWs of larger size (D = 8 nm) were also tested to examine
possible size dependence of SSS effects. The Ni-Cu MNW
model is illustrated in Fig. 1, with the axial direction of the
MNW parallel to the x axis. Three different orientations 〈111〉,
〈110〉, and 〈100〉 were used for the Ni-Cu MNWs, while all
other MNWs were 〈111〉 oriented except the 〈0001〉-oriented
Mg-Al MNWs with an hcp structure. The solute concen-

TABLE I. List of MNWs and the corresponding solute concen-
tration range, structure, and orientation. The element after the dash
indicates the solute element.

Solute content
MNWs (at. %) Structure Orientation

Ni-Cu 0–100 fcc 〈111〉, 〈110〉, and 〈100〉
Ni-Co 1–60 fcc 〈111〉
(NiFe)-Cu 12–48 fcc 〈111〉
(CoCrNiFe)-Cu 12–48 fcc 〈111〉
Cu-Ag 1–10 fcc 〈111〉
Ag-Cu 1–10 fcc 〈111〉
Al-Mg 2–12 fcc 〈111〉
Mg-Al 2–12 hcp 〈0001〉

trations and orientations for different MNWs are listed in
Table I.

B. Uniaxial tensile simulations

Uniaxial tensile tests were conducted on single crys-
talline MNWs made of Ni-Cu, Ni-Co, Cu-Ag, NiFe-Cu,
and CoCrNiFe-Cu, to investigate the potential SSS ef-
fects. To accurately simulate the atomic interactions of the
Ni-Cu alloy system, the embedded-atom method (EAM)
potential developed by Onat and Durukanoğlu [35] was
used. The Ni-Co system was evaluated by the many-
body angular-dependent interatomic potential developed
by Purja et al. [36], which is the same potential used
by Bisht et al. [10]. The Cu-Ag system was described
by the EAM potential developed by Williams et al.
[37], while the quinary EAM potential for the HEA system
CoCrFeNiCu developed by Deluigi et al. [38] was used for
the NiFe-Cu MEA and CoCrNiFe-Cu HEA MNWs.

Periodic boundary conditions were applied along the axial
direction (i.e., the x direction) of the MNWs, while the other
directions were free. The timestep was 1 fs. To relax the
MNW structures, the microcanonical ensemble (NVE) was
applied to each MNW model at room temperature (300 K)
for 50 ps, followed by an isothermal-isobaric ensemble (NPT)
at 300 K and setting zero pressure in the axial direction for
an additional 50 ps. Uniaxial deformation was then applied to
each MNW model with a constant strain rate of 109 s−1, while
the temperature was kept at room temperature by using the
canonical ensemble (NVT). The atomic stress was calculated
using the Virial theorem [39], and snapshots were captured
during the deforming for postobservation and analysis. We
also conducted uniaxial tensile simulations of Ni-Cu MNWs
at different strain rates (108 and 107 s−1) and different temper-
atures (100 and 400 K) to better comprehend the temperature
and strain rate dependence of SSS.

C. Hybrid MD/MC simulations

Hybrid MD/MC simulations were performed in the Ni-
Cu, Ni-Co, Cu-Ag, and Al-Mg alloy systems to investigate
the possible influence of solute distribution on SSS. The
interatomic interactions for the Ni-Cu, Ni-Co, and Cu-Ag
alloy systems were modeled by using the same potentials as
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described in Sec. II. The EAM potential developed by
Mendelev et al. [40] was used to evaluate the interactions
in the Al-Mg alloy system. Initially, periodic boundary con-
ditions were imposed on all directions of each MNW. The
timestep was set to 1 fs, and the structure of each MNW model
was optimized using the conjugate gradient algorithm, fol-
lowed by a structural relaxation by the NPT ensemble at 300
K and zero pressure for 50 ps. After that, the hybrid MD/MC
simulations were implemented by utilizing the Metropolis
algorithm [41], with a smaller timestep (0.1 fs) to ensure
the system remained stable. In total, 5 million steps were
run for sufficient atomic exchanges, and the MC atom swap
was invoked every 10 MD steps. During the hybrid MD/MC
procedure, the temperature was kept at 300 K by the NVT
ensemble, while the pressure was maintained at zero in all
directions by the Berendsen barostat [42]. After the hybrid
MD/MC relaxation, the periodic boundary condition was kept
in the MNW axial direction while changing the rest of the
directions to free boundary conditions. The timestep was also
changed to 1 fs. The resulting models of hybrid MD/MC
simulations were then subject to tensile testing by using the
same procedure as previously described in Sec. II.

D. SFE calculations

It is reported that the unstable SFE (γUSF) in fcc metals is
the energy barrier corresponding to the nucleation of 1

6 〈112〉
partial dislocations [43].To calculate the SFE for each alloy
system, the step-by-step rigid shifting method described in
Refs. [44,45] was used. Rectangular supercells were gener-
ated by Atomsk [29] oriented in the 〈112〉, 〈110〉, and 〈111〉
directions with 24 000 atoms and 10 {111} planes in each
model. The atomic sites were populated randomly by the host
or solute atoms. We also calculated the SFE of a Ni-Cu system
with orderly distributed Cu atoms (see Fig. S1(a) in the Sup-
plemental Material [46]) to understand the solute distribution
effects on γUSF.

III. COMPUTATIONAL RESULTS

A. SSS in MNWs with randomly distributed solutes

The uniaxial tensile stress-strain curves of 〈111〉-oriented
Ni-Cu MNWs are shown in Fig. 2(a), demonstrating obvious
yielding points without strain-hardening phenomenon. Simi-
larly, the stress-strain curves of other alloy systems behaved
in the same manner. The relationship between the uniaxial
tensile yield strength and the solute concentration of the Ni-
Cu, Cu-Ag, NiFe-Cu, CoCrNiFe-Cu, and Ni-Co MNWs with
randomly distributed solutes are illustrated in Figs. 2(b)–2(e),
respectively. Figure 2(f) demonstrates that MNWs without
any defects are formed by random dislocation nucleation from
the free surface, which is unlike the results reported by Wu
et al. [47], where yielding occurred at the artificial surface de-
fects. For the Ni-Cu MNWs, the yield strength monotonically
decreased with higher Cu concentrations for all three different
orientations [Fig. 2(b)], indicating that the Ni-Cu MNWs were
continuously softened in their yield strength by adding more
Cu atoms regardless of the axial orientation. This trend also
persisted for 〈111〉-oriented Ni-Cu MNWs with larger sizes
(e.g., D = 8 nm). Thus, only the 〈111〉 axial direction and

FIG. 2. Tensile yielding results of metal nanowires (MNWs)
with randomly distributed solute atoms in (a) 〈111〉-oriented Ni-
Cu MNWs, (b) 〈111〉-, 〈110〉-, and 〈100〉-oriented Ni-Cu MNWs,
(c) Cu-Ag and Ag-Cu MNWs, (d) NiFe-Cu medium-entropy alloy
(MEA) and CoCrNiFe-Cu high-entropy alloy (HEA) MNWs, and
(e) Ni-Co MNWs. The results in (e) are obtained by averaging over
five different Co atomic distributions due to the existence of the
transition points, and the error bars represent the standard deviation.
There are no error bars for other alloy systems since no softening-to-
strengthening or strengthening-to-softening points can be observed.
(f) illustrates the yielding by dislocation nucleation from the free
surface. The dark red spheres represent the stacking fault with the
hexagonal close-packed (hcp) structure. The gray spheres represent
other structures.

D =∼ 4 nm were used to investigate the SSS effects in most
other alloy systems. Moreover, Fig. S2 in the Supplemental
Material [46] demonstrates that, while the yield strength can
be affected by varying strain rates and temperatures, the SSS
phenomenon remains unchanged. Therefore, only 300 K and
109 s−1 were used for the other alloy systems.

Similarly, SSS was observed in the 〈111〉-oriented Cu-Ag
and Ag-Cu MNWs by increasing either the solute Ag or Cu
concentrations [Fig. 2(c)]. The yield strength varied between
6.9 and 5.52 GPa when Cu changed from 1 to 10 at. % and
from 9.79 GPa at Ag-1 at. % to 6.21 GPa at Ag-10 at. %. Fur-
thermore, the NiFe-Cu MEA and CoCrNiFe-Cu HEA MNWs
showed monotonic softening behaviors in yield strength by
increasing the Cu concentration [Fig. 2(d)]. The CoCrNiFe-
Cu HEA MNW exhibited a consistently lower yield strength
than the corresponding NiFe-Cu MEA MNW for Cu concen-
trations <40 at. %, implying that the addition of Co and Cr
can soften the yield strength of the MNWs.

The yield strength vs solute concentration behavior of Ni-
Co MNWs was more complex, as a small addition of Co atoms
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FIG. 3. Structures after hybrid molecular dynamics (MD)/Monte Carlo (MC) simulations for (a) Ni-Cu, (b) Ni-Co, (c) Cu-Ag, (d) Ag-Cu,
(e) Al-Mg, and (f) Mg-Al alloy metal nanowires (MNWs). (f) shows that Al-rich phases (precipitates) are formed in the circled regions after
hybrid MD/MC relaxation when the Al concentration is higher than ∼8 at. %. The MNWs in (b), (d), and (f) were sliced to show the solute
distribution in the core of the MNWs.

softened the yield strength from 17.58 GPa at Co-1 at. %
to 16.53 GPa at Co-5 at. %, followed by a strengthening
up to 20.64 GPa at 40 at. % and then another softening
regime. There were two critical Co concentrations, 5 and
40 at. %, which marked the transition points of softening-
to-strengthening-to-softening in yield strength for the Ni-Co
MNWs, a behavior different from that observed in the Ni-Co
nanoparticles reported by Bisht et al. [10].

B. SSS in MNWs with hybrid MD/MC simulations

Hybrid MD/MC simulations were used to investigate the
mechanical behaviors of several alloy MNWs and understand
the solute distribution effects (or the widely reported chemical
short-range ordering effects) on the softening phenomena.
The resulting structures are shown in Fig. 3. It is evident
that Cu atoms tend to segregate to the surface of the Ni-Cu
alloy MNWs [Fig. 3(a)], forming a core-shell structure with
Ni atoms at the core. This surface segregation phenomenon
has been previously evidenced through both theoretical cal-
culations [48] and experiments [49], especially for heavily
alloyed Ni-Cu metals.

Similarly, a surface segregation can be seen in Cu-Ag
[Fig. 3(c)] and Al-Mg [Fig. 3(e)] MNWs. A different result
was observed in Ni-Co MNWs, where random Co clusters
form inside the MNWs [Fig. 3(b)], with higher Co concen-
tration resulting in heavier Co clustering. Ag-Cu MNWs also
tend to form small Cu clusters [Fig. 3(d)]. No secondary
phases were seen in the fcc MNWs. However, hcp Mg-Al
MNWs [Fig. 3(f)] formed Al-rich precipitates, indicating that
they cannot be treated as a single-phase solid solution.

The yielding of MNWs relaxed by the hybrid MD/MC
simulations was caused by the nucleation of partial dislo-
cation from the free surface upon tensile loading, which is
expected because they are still defect-free single crystalline
MNWs, even with surface segregation or solute clustering
having occurred. Figure 4 presents the tensile yield strength

for each alloy MNW with hybrid MD/MC simulations. For
〈111〉-oriented Ni-Cu MNWs with surface segregation, the
yield strength showed the same monotonic softening trend
as for the ones with random solute distribution [Fig. 4(a)],
implying that SSS in Ni-Cu MNWs was insensitive to the
chemical short-range ordering. However, the hybrid MD/MC
relaxation dramatically affected the mechanical behaviors
of the Ni-Co MNWs. The yield strength of Ni-Co MNWs
with hybrid MD/MC relaxation was consistently lower than
that of their counterparts with random solute distribution
when the Co concentration was between 1 and 40 at. %,
as seen in Fig. 4(b). This is likely related to the clustering
of Co atoms, which caused a shift in the softening-to-

FIG. 4. Tensile yield strength of metal nanowires (MNWs) sub-
jected to hybrid molecular dynamics (MD)/Monte Carlo (MC)
simulations for (a) 〈111〉-oriented Ni-Cu MNWs, (b) 〈111〉-oriented
Ni-Co MNWs, (c) Cu-Ag and Ag-Cu MNWs, and (d) Mg-Al and
Al-Mg MNWs.
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TABLE II. Summary of energy barriers for γUSF and γISF in Ni-Cu alloy systems predicted by the EAM potential developed by Onat and
Durukanoğlu [35]. The 0 and 100 at. % Cu concentrations refer to pure Ni and Cu cases, respectively.

Cu content (at. %) 0 10 20 30 40 50 60 70 80 90 100

γUSF, mJ/m2 273.3 262.4 249.3 238.1 229.1 214.7 201.6 190.9 178.1 166.7 158.5
γISF, mJ/m2 126.0 116.8 105.4 93.9 87.2 74.8 66.3 61.9 53.1 48.2 45.2

strengthening transition point from Co-5 at. % to Co-15 at. %
and a postponement of the strengthening-to-softening point
from Co-40 at. % to Co-50 at. %.

The results of the immiscible Cu-Ag MNWs with hybrid
MD/MC relaxation demonstrate that the yield strength can
be softened by increasing the solute concentration of either
Ag or Cu [Fig. 4(c)]. When Ag was the solute, the yield
strength decreased from 11.19 GPa at Ag-1 at. % to 7.33
GPa at Ag-10 at. %, and when Cu was the solute, it reduced
from 4.97 to 3.74 GPa. Interestingly, the Cu-Ag MNWs with
hybrid MD/MC relaxation were strengthened compared with
the corresponding random MNWs, indicating that the surface
segregation of Ag atoms or the chemical long-range ordering
of Cu atoms can reinforce the yield strength. However, the
Ag-Cu MNWs with hybrid MD/MC relaxation were dramat-
ically softened compared with their random counterpart. In
the case of Al-Mg MNWs, the yield strength remained almost
unchanged when the solute Mg concentration was <6 at. %
[Fig. 4(d)]. After that, the yield strength was reduced from
5.45 GPa at Mg-6 at. % to 4.26 GPa at Mg-12 at. %, indicat-
ing that the softening in yield strength of Al-Mg MNWs only
occurred when the solute concentration was higher than the
critical value 6 at. %, which is different from the other alloy
systems.

C. Influence of solute concentration on SFE

The fault energies for different alloy systems are listed in
Tables II–VI, where γUSF refers to the energy barrier for the
stacking fault formation and γISF is the intrinsic SFE when a
perfect stacking fault is formed. Results show that pure Ni has
the highest γUSF (273.3 mJ/m2), which is consistent with the
result reported by Siegel [50], and pure Cu has the lowest γUSF

(158.5 mJ/m2), which is consistent with the value reported by
Mishin et al. [51]. The γUSF values are monotonically reduced
by increasing the Cu concentration in the Ni-Cu alloy models.

However, γUSF for the Ni-Co alloy system increases from
300.2 mJ/m2 at Co-1 at. % to 473.4 mJ/m2 at Co-50 at. %,
then slightly drops to 470.4 mJ/m2 at Co-60 at. %, as shown
in Table III. The γUSF values of the NiFe-Cu MEA and
CoCrNiFe-Cu HEA systems are also monotonically reduced
from 366.6 and 280.5 mJ/m2 to 302.3 and 256.1 mJ/m2 by
increasing the Cu concentration from 12 to 48 at. %, respec-

tively, as seen in Table IV. As for the Cu-Ag alloy system,
γUSF decreases from 112.8 to 110.0 mJ/m2 by increasing the
concentration of solute Ag from 1 to 10 at. %. However, the
γUSF values dramatically decrease from 160.0 to 144.0 mJ/m2

when Cu is the solute and its concentration increases from
1 to 10 at. %, as shown in Table V. Lastly, for the Al-Mg
alloy system, γUSF is also reduced by increasing the solute
concentration, which can be seen in Table VI.

IV. DISCUSSIONS

A. SFE-induced softening

Previous results have indicated that Ni-Cu MNWs exhibit
similar SSS trends and yielding mechanisms regardless of the
axial orientation or surface segregation. Therefore, the soften-
ing mechanisms in Ni-Cu MNWs will be discussed using the
〈111〉-oriented ones with randomly distributed solute atoms as
representatives.

It has been suggested that atomic friction stress [3,10]
and atomic lattice distortion [6] may also affect the yield-
ing behavior of fcc metals. However, this is contradicted by
the observed softening in Ni-Cu MNWs, as atomic friction
stress can only increase the yield strength when the material
is yielded by dislocation motion. Moreover, the atomic size
misfit can be calculated using Eqs. (1) and (2) [52]:

δ =
√√√√

n∑
i=1

ci

(
1 − ri

r̄

)2
, (1)

r̄ =
n∑

i=1

ciri, (2)

where n indicates the number of atom species; i represents the
ith element; ci is the atomic fraction of the ith element; ri is the
radius of the ith component; and r̄ is the average atomic radius
of the alloy system, which is evaluated by Eq. (2). The atomic
radii for Co, Cr, Fe, Ni, and Cu are taken from Ref. [53],
which are 125, 128, 126, 124, and 125 pm, respectively. The
calculated atomic size misfit for the Ni-Cu alloy system in-
creases from 0% at Cu-0 at. % to 1.58% at Cu-50 at. %, then
gradually decreases to 0% at Cu-100 at. %. This transition in
atomic size misfit (i.e., increase then decrease) is inconsistent
with the monotonic trend of SSS in Ni-Cu MNWs when the

TABLE III. Summary of energy barriers for γUSF and γISF in Ni-Co alloy systems predicted by the EAM potential developed by Purja
et al. [36].

Co content (at. %) 1 5 10 15 20 30 40 50 60

γUSF, mJ/m2 300.2 311.1 333.1 359.7 382.6 417.0 466.5 473.4 470.4
γISF, mJ/m2 136.2 147.0 172.9 204.0 229.3 263.5 326.8 318.5 326.9
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TABLE IV. Summary of energy barriers for γUSF and γISF in the
NiFe-Cu MEA and CoCrNiFe-Cu HEA systems predicted by the
EAM potential developed by Deluigi et al. [38].

Cu content (at. %) 12 20 28 40 48

NiFe-Cu 366.6 351.5 344.1 324.4 302.3
γUSF, mJ/m2 CoCrNiFe-Cu 280.5 277.8 268.3 257.3 256.1

NiFe-Cu 85.7 78.9 77.9 70.9 59.6
γISF, mJ/m2 CoCrNiFe-Cu 60.8 61.9 55.8 54.2 55.2

Cu concentration increases, suggesting the atomic size misfit
and the associated lattice distortion should not be the main
cause of SSS in Ni-Cu MNWs. For the NiFe-Cu MEA and
CoCrNiFe-Cu HEA systems, the calculated atomic size misfit
is also negligibly small, ranging from 1.08 to 1.27%.

As depicted in Fig. 5(a), both the yield strength and γUSF

are monotonically reduced when the Cu concentration in-
creases, despite some minor fluctuations. Figure 5(b) shows
a linear relationship between the yield strength and γUSF of
the 〈111〉-oriented Ni-Cu MNWs, with R2 up to 0.96. This
indicates that the weakening of 〈111〉-oriented Ni-Cu NWs
is caused by the reduction of γUSF when the Cu concentra-
tion increases. This is reasonable since the yielding in all
Ni-Cu MNWs is initiated by the nucleation of 1

6 〈112〉 partial
dislocations on the free surface. Similarly, the γUSF values
for the NiFe-Cu and CoCrNiFe-Cu MNWs are also linearly
related to the yield strength, as shown in Fig. 5(b), with R2

values 0.91 and 0.93, respectively. Thus, the softening in the
NiFe-Cu MEA and CoCrNiFe-Cu HEA systems can also be
attributed to the reduction of γUSF caused by an increase in
solute concentration.

The behavior of the SSS in Ni-Cu after hybrid MD/MC
simulations can also be explained by the reduction of γUSF

with higher Cu concentrations. This phenomenon demon-
strates that γUSF is not affected by the atomic distribution of
solute on the slip planes but is dependent on the overall com-
position of the slip planes (see Fig. S1(b) in the Supplemental
Material [46]). Thus, even though the Cu atoms migrate to
the outer shells of the MNWs after hybrid MD/MC relax-
ation, the composition on the slip planes remains unchanged
compared with the random conditions. This can be used to
explain the yield strength of the Ni-Cu MNWs or the softening
phenomenon that does not seem to be affected by the surface
segregation of Cu atoms after hybrid MD/MC simulations.
Additionally, the yield strength of the Ni-Cu MNWs follows
the rule of mixture; as the Ni concentration increases, the yield
strength increases monotonically. This is because Ni-Cu is a
typical isomorphous system, and the atomic size misfit can

TABLE VI. Summary of energy barriers for γUSF and γISF for the
Al-Mg alloy system predicted by the EAM potential developed by
Mendelev et al. [40].

Mg content (at. %) 2 4 6 8 10 12

γUSF, mJ/m2 211.2 204.4 196.9 190.1 185.2 177.2
γISF, mJ/m2 126 125.7 125.1 125 124.6 125.4

be negligible, making the yield strength generally follow the
trend of γUSF.

B. Atomic size misfit-induced softening

SSS can be observed in the Cu-Ag alloy system with or
without hybrid MD/MC relaxation [Fig. 4(c)]. When Cu or
Ag is the solute, higher concentrations always reduce the
yield strength of the alloy MNWs, which is different from the
monotonic softening in Ni-Cu MNWs only when the solute
atoms are Cu. The atomic size misfit for the Cu-Ag alloy
system has been calculated using Eqs. (1) and (2) with the
atomic radii of Cu 128 pm and Ag 144 pm from Ref. [53].
The calculated results are presented in Figs. 6(a) and 6(b) for
solute-Ag and solute-Cu cases, respectively. The atomic size
misfit increases with the solute concentration for both cases,
and the yield strength reduces with higher solute concentra-
tions, which follows the propensity that atomic size misfit
aids the nucleation of the first partial dislocation in single
crystalline metals [6].

The correlations between the yield strength and atomic size
misfit for both cases are shown in Fig. 6(c). The yield strength
is highly dependent on the atomic size misfit for both the
solute-Cu and Ag cases, with R2 values as high as 0.97 and
0.99, respectively. As mentioned, γUSF for the solute-Cu case
only varies between 112.8 and 110.0 mJ/m2, indicating that
the change in γUSF by adding the Cu solutes in Ag is small, and
the influence on the yield strength of Ag-Cu MNWs should
be negligible. Therefore, the softening in the solute-Cu case
can be attributed to the increase of atomic size misfit when
increasing the Cu concentration, which is referred to as the
atomic size misfit-induced softening. For the solute-Ag case,
the yield strength is also positively related to γUSF with the R2

value up to 0.88, as shown in Fig. 6(d). Therefore, both the
atomic size misfit and γUSF have contributed to the softening
phenomenon in the solute-Ag case, with the atomic size misfit
dominating due to a higher R2 value.

TABLE V. Summary of energy barriers for γUSF and γISF in the Cu-Ag alloy system predicted by the EAM potential developed by Williams
et al. [37].

Solute (Cu or Ag) content (at. %) 1 3 5 8 10

Solute-Cu 112.8 112.5 111.8 110.8 110.0
γUSF, mJ/m2 Solute-Ag 160.0 150.9 149.5 148.4 144.0

Solute-Cu 21.1 19.7 18.1 16.5 14.5
γISF, mJ/m2 Solute-Ag 49.4 45.3 42.9 42.3 38.5

053611-6



SOLID SOLUTION SOFTENING IN SINGLE … PHYSICAL REVIEW MATERIALS 7, 053611 (2023)

FIG. 5. (a) The yield strength and γUSF vs Cu concentration in Ni-Cu metal nanowires (MNWs). (b) The yield strength vs γUSF for the
Ni-Cu, NiFe-Cu medium-entropy alloy (MEA), and CoCrNiFe-Cu high-entropy alloy (HEA) systems.

C. Misfit-SFE combined softening

The atomic size misfit for the Al-Mg alloy system has
also been calculated using Eqs. (1) and (2) with atomic radii
for Al 143 pm and Mg 160 pm taken from Ref. [53]. Fig-
ure 7(a) illustrates the relationship between atomic size misfit
and yield strength with Mg concentration, where the atomic
size misfit increases with the Mg concentration. However,
a small addition of solute Mg atoms into the Al matrix
has little effect on the yield strength of the Al-Mg MNWs,
which is attributed to the reduction of host-solute interactions
resulting from surface segregation of Mg atoms after hy-
brid MD/MC simulations. The yield strength remains steady
initially, followed by a dramatic softening when Mg concen-
tration exceeds 6 at. %. This can be divided into two regions:
Region-1 (steady yield strength) and Region-2 (dramatic soft-
ening), as seen in Figs. 7(b) and 7(c). In Region-1, both the

atomic size misfit and γUSF have little influence on the yield
strength R2 values being only 0.46 and 0.55, respectively.

By contrast, the yield strength in Region-2 is strongly
related to both the atomic size misfit and γUSF with R2 of
0.98 and 0.96, respectively. The atomic size misfit has a neg-
ative relationship with the yield strength, whereas γUSF has a
positive relationship. This can be explained by the fact that
Mg atoms segregate to the surface, resulting in an enhanced
atomic misfit at the free surface where partial dislocations
form. Furthermore, the addition of Mg atoms reduces the
partial dislocation nucleation energy barriers (γUSF). Thus, the
enhanced atomic size misfit and reduced γUSF both contribute
to the softening of yield strength. Consequently, the softening
mechanism in the Al-Mg MNWs can be described as misfit-
SFE combined softening.

Surface segregation can be observed in both Ni-Cu and
Al-Mg MWNs after hybrid MD/MC simulations, although

FIG. 6. The atomic size misfit in (a) Ag-Cu and (b) Cu-Ag metal nanowires (MNWs). (c) and (d) illustrate the yield strength vs atomic
size misfit and γUSF in Cu-Ag and Ag-Cu MNWs, respectively.
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FIG. 7. (a) Atomic size misfit and yield strength vs the solute
Mg concentration in Al-Mg metal nanowires (MNWs). (b) and (c)
illustrate the correlation between the atomic size misfit and γUSF with
yield strength. The coefficient R2

Re1 and R2
Re2 represent the R2 values

for the linear fit in Region-1 and Region-2, respectively.

the softening mechanisms are significantly different. This dif-
ference can be attributed to two main factors: atomic size
misfit and solute concentration. While the Cu and Ni atomic
sizes are almost the same, eliminating any stress concentra-
tion due to impurities, the size misfit between Al and Mg is
more pronounced, leading to greater stress concentration and
dislocation nucleation. Additionally, the Mg content typically
ranges from 2 to 12 at. %, while Cu content ranges from 10 to
90 at. %. It was observed that, in the low solute concentration
region (Mg < 6 at. %), Mg atoms cannot occupy the outer
layer comprehensively, resulting in host-solute interactions
that are too weak to affect the yielding of the Al-Mg MNWs
(see Fig. S3 in the Supplemental Material [46]). This is evi-
dent from Region-1 in Figs. 7(b) and 7(c), which shows that
the atomic size misfit or γUSF effects do not apply at low solute
concentrations.

However, when the Mg concentration is >6 at. %, the
MNW outer shell is largely occupied by Mg atoms, causing
host-solute interactions to be significant. This triggers misfit
and γUSF effects. Al-Mg MNWs experience surface segre-
gation of Mg atoms following hybrid MD/MC simulations,
but no precipitates form in the examined range. In contrast,
Mg-Al MNWs form surface/near surface precipitates when
Al concentration is >8 at. %. These precipitates act as stress
concentrators, decreasing the barrier for dislocation initiation
at the interfaces between precipitates and bulk phases. Thus,
surface/near surface clusters act as surface defects, making it
easier for yielding behavior to activate, like that reported by
Wu et al. [47] and Sharma et al. [26].

Zhu et al. [54] proposed two main factors, activation en-
ergy and activation volume, to be highly associated with the
athermal part of the dislocation nucleation stress. The activa-
tion volume is proportional to b3, where b is the Burgers vector
length, which suggests it is related to the lattice constant
of alloys. The addition of solute atoms can alter the lattice
constant due to atomic size mismatch. Additionally, γUSF can

be associated with the activation energy, which is the energy
barrier of the dislocation nucleation. Compared with these two
factors, evaluating γUSF and atomic size misfit is a simpler
approach to predicting the yield strength of single crystalline
MNWs.

It is thought that the activation energy can be linked to
γUSF. When the atomic size misfit is not significant (e.g.,
Ni-Cu, NiFe-Cu, and CoCrNiFe-Cu MNWs), this energy has
a major effect on the dislocation nucleation behavior. In
these cases, the activation volume is not significantly altered;
however, the activation energy can be drastically altered by
increasing the solute concentration.

We believe that both the activation energy and the activa-
tion volume play significant roles in the surface dislocation
nucleation of Cu-Ag and Ag-Cu MNWs, where atomic size
mismatch dominates the softening phenomenon. The lattice
mismatch can cause stress concentration, thus lowering the
energy barrier for dislocation nucleation, especially at high
concentrations. Even though the small addition of solute
atoms may not have a huge effect on the activation energy
or γUSF, particularly in Ag-Cu MNWs (Table V), it can still
significantly alter the lattice constant, indicating a major en-
largement or reduction in activation volume.

D. Clustering-induced softening

As described by Bisht et al. [10], atomic friction can affect
the dislocation motion after its first nucleation, which can lead
to the transition from softening to strengthening in the Ni-Co
alloy nanoparticles by increasing the solute Co concentration.
However, this description does not explain the transition from
softening to strengthening in the hybrid MD/MC-treated Ni-
Co MNWs since the yielding happens when the nucleation
of the first dislocation occurs, and no strain hardening can
be observed, indicating that atomic friction cannot enhance
the yield strength in this case. The atomic size misfit values
for the Ni-Co alloy system, calculated by Eqs. (1) and (2),
with atomic radii for Ni 124 pm and Co 125 pm taken from
Ref. [53], show that the maximum atomic size misfit is <

0.4%. Thus, the atomic size misfit effects can be neglected
for the Ni-Co alloy system.

The γUSF values are increased with Co concentration un-
til it reaches Co-50 at. %, followed by a slight decrease, as
shown in Table III. Since γUSF can be considered the partial
dislocation nucleation energy barrier, the strengthening in Ni-
Co MNWs can be attributed to the increase in γUSF caused
by adding more Co atoms. However, the Ni-Co alloy MNWs
have been significantly softened after hybrid MD/MC simula-
tions compared with their random condition, as illustrated by
the colored region in Fig. 4(b). This softening can be attributed
to the formation of Co clusters, which is evident in Fig. 8(b),
as it can significantly reduce the host-solute interactions and
form cluster-host interfaces, thereby decreasing the partial
dislocation nucleation energy barrier. The result of this paper
is in stark contrast to the findings of Cao [55] on polycrystal
CrCoNi alloys, where the clusters acted as barriers to dis-
location slip, resulting in an increase in the flow stress and
therefore strengthening. In contrast, in this paper, we found
that the clusters act as stress concentration and heterogeneous
nucleation sites, which could lower the energy barrier for

053611-8



SOLID SOLUTION SOFTENING IN SINGLE … PHYSICAL REVIEW MATERIALS 7, 053611 (2023)

FIG. 8. Comparison of the solute Co distribution (a) in the ran-
dom condition and (b) after hybrid molecular dynamics (MD)/Monte
Carlo (MC) simulations in Ni-Co metal nanowires (MNWs).

dislocation nucleation and thus lead to softening in single
crystalline MNWs. Thus, the transition between softening and
strengthening in the Ni-Co alloy system can be explained
by the competition of two opposite effects: solute clustering
softens the partial dislocation nucleation energy barrier, and
higher solute concentration enhances the γUSF values, increas-
ing the energy barrier of first partial nucleation.

It is worth noting that hybrid MD/MC relaxation also
softens the Ag-Cu MNWs compared with their random coun-
terparts, as seen in Fig. 4(c). Small Cu clusters have been
formed after atomic swapping, as shown in Fig. 3(d). This
softening can be attributed to clustering-induced softening,
like that observed in Ni-Co MNWs with hybrid MD/MC
relaxation.

E. Precipitation-induced softening

The focus of this paper is on SSS; however, precipitates
can also cause softening effects in some scenarios. Sharma
et al. [26] discovered Fe-rich precipitates on the surface and
near the edges of the Ni-27Fe and Ni-50Fe dislocation-free
nanoparticles. The existence of these precipitates can facili-
tate the nucleation of dislocations and induce softening. This
precipitation-induced softening is distinct from the classical

precipitation hardening due to the different yielding mecha-
nisms; the former is yielded by dislocation nucleation, while
the latter is yielded by dislocation motion. In this paper, simi-
lar precipitation-induced softening can also be seen in Mg-Al
MNWs. After hybrid MD/MC relaxation, Al-rich phases (or
precipitates) were formed, as demonstrated in Fig. 3(f). These
precipitates facilitated dislocation nucleation at the surface
sites, which in turn lowered the yield strength of the Mg-Al
MNWs [Fig. 4(d)].

V. CONCLUSIONS

In conclusion, in this paper, we investigated the alloying-
induced softening, particularly the SSS, in single crystalline
MNWs in several alloy systems by atomistic simulations. The
following main conclusions can be drawn:

(1) The alloying-induced softening phenomenon, particu-
larly that caused by forming a solid solution, can be observed
in defect-free single crystalline MNWs.

(2) SFE-induced softening and atomic size misfit-induced
softening are two major sources that soften the alloy MNWs.
Both affect the nucleation of the first partial dislocation and
therefore the yielding behavior of single crystalline alloy
MNWs.

(3) SFE dominates the SSS in Ni-Cu, NiFe-Cu MEA, and
CoCrNiFe-Cu HEA MNWs, while atomic size misfit domi-
nates the softening behavior in immiscible Cu-Ag MNWs. A
misfit-SFE combined softening mechanism can be observed
in Al-Mg MNWs.

(4) Solute clustering can also cause softening when the
aforementioned mechanisms do not apply, e.g., in Ni-Co sin-
gle crystalline MNWs.
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