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Diffusion-Mediated Superelongation in Metal Nanorods
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We report in situ electron microscopy observation of the superelongation deformation of low-melting-
point metal nanorods. Specifically, metal nanorods with diameters as small as 143 nm can undergo uniform
stretching by an extraordinary 786% at ~0.87T,, without necking. Moreover, the corresponding fracture
stress exhibits a pronounced size effect. By combining experimental observations with molecular dynamic
simulations, a crystal-core-liquid-shell structure is revealed, based on which a constitutive model that
incorporates diffusion creep mechanism and surface tension effect is developed to rationalize the findings.
This study not only establishes a pioneering reference for comprehending the diffusion-dominated
constitutive response of nanoscale materials but also has substantial implications for strategic design and

processing of metals in high-temperature applications.
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The size effect in mechanical deformation has been
studied intensively and well exploited for industrial use
after the pioneering in situ nanoindentation experiments
by Uchic et al. [1], but mainly limited to room tempera-
ture condition. Creep, the time-dependent deformation at
elevated temperatures, is a crucial concern in engineering
applications [2]. Atomic diffusion forms a fundamental
mechanism in creep, however, its direct experimental
linkage to macroscopic mechanical behavior poses a
significant challenge. The Nabarro [3] and Herring [4]
models quantitatively depict crystal deformation under
elevated temperature and at low-stress conditions. These
models consider the influence of nonhydrostatic stress
fields, leading to vacancy concentration gradients within
crystals and consequent matter transport. Subsequently,
Coble [5] proposed a creep mechanism controlled by grain-
boundary diffusion, recognizing that the grain-boundary
diffusion can surpass self-diffusion within grains at temper-
atures lower than 0.77,. Diffusion creep is of great signifi-
cance in many fields [6,7], including nuclear energy [8],
superplasticity [9—11], friction [12-14], sintering [15-18],
lithium dendrization [19,20], and geoscience [21]. Despite its
importance, the confirmation of diffusional creep has pri-
marily relied on indirect experimental evidence. Recent
advancements in high-resolution electron microscopy have
shed light on the deformation mechanisms of nanosized silver
samples (with sizes below ~10 nm). These investigations
have underscored the dominant role of surface diffusion,
giving rise to the “smaller is much weaker” phenome-
non [13,22,23]. In situ experimental visualization has
provided evidence of the diffusion-assisted dislocation nucle-
ation process [24], further supporting this concept. Notably,
in situ nanomechanical testing is typically conducted at room
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temperature due to the challenge in achieving temperature
uniformity at nanoscale [25,26]. At relatively low temper-
atures, multiple mechanisms such as diffusion creep, dis-
location creep, and grain-boundary sliding, can collectively
contribute to the material behaviour [24]. Hence, obtaining
direct experimental evidence of diffusion creep and establish-
ing a direct connection between the atomic-scale matter
transport and its constitutive response continue to present a
significant challenge.

Considering the unique insight offered by the free
surface of nanosized sample into matter transport during
deformation [24], we employ the superplastic nanomolding
technique [27,28] to fabricate metal nanorods with low
melting point at room temperature. Subsequently, in situ
tensile testing of the fabricated nanorods is performed
under scanning electron microscopy [29] to investigate
their plastic response driven by diffusion. The surface
matter transport during superelongation deformation of
metal nanorods is directly captured. A crystal-core—
liquid-shell structure is then proposed to rationalize the
findings based on TEM characterization and molecular
dynamics (MD) simulations. Furthermore, we develop a
physical mechanism-based constitutive model that integra-
tes the atomic diffusion mechanism and the surface tension
effect, which can well reproduce the “rubberlike” super-
elongation deformation of metal nanostructures nearby
their melting temperature.

To underline the diffusion creep, we selected a low-
melting-point alloy (InBiSn with 7, ~334 K, Fig. S1 [30])
for nanomolding at room temperature [27,28] [Figs. 1(a)
and 1(b)]. Previous studies have shown that if superplastic
nanomolding is performed at the diffusion deformation-
dominated temperature range (typically 7 > 0.5T,,),
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FIG. 1. “Rubberlike” superelongation of metal nanorods.
(a) Schematic of the experimental setup. A low-melting-point
metal is first compressed into a hard mold with cylindrical
nanocavities. Subsequently, the molded metal nanorods are
exposed by mechanically peeling off the substrate. Finally, tensile
of metal nanorods is achieved by adhering a probe to the top of an
exposed nanorod and then controlled moving the probe (see
Supplemental Material [30]). (b) Sectional view of typical
fabricated InBiSn nanorods by intentionally breaking the molded
sample. Scale bar: 800 nm. (c) EDS maps of the InBiSn nanorods.
Scale bars: 800 nm. (d) Selected frames from the video of
in-situ tensile of an InBiSn nanorod (see Supplemental Material,
Movie 1). Scale bars: 400 nm.

molded metal or alloy nanostructures will exhibit great
crystallinity [27,36,37]. The uniform distribution of com-
ponents was subsequently verified by energy-dispersive
x-ray spectroscopy (EDS) mapping the molded InBiSn
nanorods [Fig. 1(c)]. During a typical in situ tensile of a
molded InBiSn nanorod at room temperature (~20°C),
we observed a uniform superelongation (~786%) of the
InBiSn nanorod [Fig. 1(d)], without noticeable necking
prior to fracture. Similar behavior was also observed during
the tensile of In nanorods at room temperature (~0.687,,
Supplemental Material, Movie 2 [30]).

We further employed a force probe with a spring constant
of ~35 N/m (FMT-120, Klendick) to monitor the tensile
force during stretching. Typical results are shown in Fig. 2.
Dividing the tensile force by the cross-sectional area of the
stretched InBiSn nanorod gives the stretching stress, which
first increases slowly with the stretch ratio and then shots
up [red dots in Fig. 2(a)]. This behavior closely resembles
the hyperelastic deformation observed in rubberlike
materials. The difference is that the superelongation here
originates from diffusion-based plastic deformation. The
evidence can be found in the relationship between the
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FIG. 2. In situ mechanical characterization of the superelonga-

tion deformation of InBiSn nanorods. (a) Typical stress-stretch
ratio of an InBiSn nanorod. (b) The relationship between the
diameter and the length of the InBiSn nanorod during stretching,
where the black dots are the experimental data, the red line
was calculated based on the constant volume assumption.
(c) Snapshots of tensile testing of the InBiSn nanorod from
Supplemental Material, Movie 3 [30]. Scale bar: 200 nm.

diameter (d) and the length (L) of InBiSn nanorod during
uniform stretching [black dots in Fig. 2(b)]. We observed
that the diameter decreases approximately linearly with the
length, deviating significantly from the curve predicted
from constant volume assumption (i.e., V = V), where
d = \/(4Vy/zL) x L~'/? [red line in Fig. 2(b)]. Further
evidence supporting diffusion-based deformation is
directly visualized in Fig. 2(c). By marking the shape of
one end of the metal nanorod, we observed that metal atoms
diffuse and accumulate near the marked region [dashed
trapezoid in Fig. 2(c)].

Unambiguous evidence for pure diffusion-based defor-
mation is also observed in the spontaneous shortening and
thickening of InBiSn nanowire after tensile fracture
(Supplemental Material, Figs. S2a and S3 and Movies 3
and 4 [30]). The maintained straight shape during self-
shortening indicates the crystalline nature of the nanowire.
Hence, we attribute the self-shortening behavior to atomic
diffusion mechanism, where changes in curvature at the
base of the nanowire induce a surface tension gradient,
thereby driving the diffusion process. Based on the dif-
fusion creep mechanism, the relationship between the
length L and time ¢ during the self-shortening process
can be formulated as (see Supplemental Material [30])
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FIG. 3. TEM characterization and constitutive response of
metal nanorods stretched at diffusion-based deformation temper-
ature. (a) TEM image of an InBiSn nanorod. Scale bar: 20 nm.
(b)=(d) EDS maps of the nanorod. (¢) HRTEM image of the
region denoted by i. Scale bar: 5 nm. (f) HRTEM characterization
of the nanorod near the edge and the corresponding selected-area
diffraction patterns. Scale bar: 10 nm. (g) Schematic of the
atomic-scale physical process during stretching. (h) Stress versus
diameter during uniform stretching, where the data points are
from five independent tensile tests, the solid lines were obtained
based on Eq. (3).

where d is the diameter of the nanorod, L is the length at
fracture. Dy is the surface diffusivity, k is the Boltzmann’s
constant, 7 is the absolute temperature, € is the atomic
volume, y is the surface tension of the metal nanorod, and &
is the thickness of the surface layer. AK is the surface
curvature difference of the nanorod and its basement.
Equation (1) predicts that the length of nanorod would
decrease faster as time, which agrees with our experimental
observation (red line in Fig. S2b [30]).

Our observations provide compelling and direct exper-
imental evidence supporting the conceptual diffusion creep
mechanism in stretching metal nanorods at high homologous
temperature. To characterize the microstructure of InBiSn
nanorods, we molded InBiSn nanorods using nanomold with
a very small cavity size (~30 nm), and then performed
TEM characterization [Figs. 3(a)-3(f)]. We observed that
the nanorod exhibit uniform distribution of In, Bi, and
Sn elements [Figs. 3(a)-3(d)]. The high-resolution TEM
(HRTEM) image also shows good crystallinity of the nano-
rod [Fig. 3(e)]. Notably, when enlarging the region near the
edge of the nanorod, a surface amorphous layer is revealed
from the selected area electron diffraction patterns [Fig. 3(f)].
We attribute this unique crystal-core—amorphous-shell struc-
ture to the approaching of melting temperature of InBiSn at
room temperature (~0.87T,,). To further verify that the
surface amorphous layer is intrinsically caused by the
material whose T, is low, we irradiated an InBiSn nanorod
with a 200 kV electron beam for 200 s, the interface between
the crystal core and the surface amorphous layer moves

toward the crystal core side, as a result, the thickness of
surface amorphous layer increases from ~1.8 to ~3.6 nm
[Figs. S4(a) and S4(b)]. For comparison, we also prepared Al
nanorods by nanomolding bulk Al at 500 °C and in air, we
observed a surface oxide layer in the Al nanorods. However,
after being exposed to 200 kV electron irradiation for 200 s,
the interface between the crystal core and the surface oxide
layer is very stable and the thickness of the surface oxide
layer is almost unchanged after irradiation [Figs. S4(c)—and
S4(d)]. This is reasonable since room temperature corre-
sponding to 0.87T, of InBiSn, and 0.317,, of Al, respec-
tively, therefore, the input energy of electron irradiation can
be enough to activate surface atom diffusion in InBiSn
nanorods, but it is too low for Al.

To reveal the atomic-scale physical process during
stretching, we applied MD simulation to mimic the tensile
testing of metal nanorods near the melting temperature (see
Supplemental Material [30]). As an alternative to simulating
the tensile of InBiSn nanorod due to the unavailable force
field, we investigated the similar behavior of stretching In
nanorod near its melting temperature. A semiempirical
interatomic potential specifically developed for In [32,38]
was employed in the simulations. Upon equilibration of the
system, we observed the presence of a surface amorphous
layer enveloping a crystalline core, with the diffusivity along
the surface layer at least one order of magnitude greater than
that within the crystal core (Fig. S5 [30]). Throughout the
tensile testing of the crystal-core-liquid-shell structure, we
noted that dislocation nucleation and propagation can result
in surface steps at the interface; these steps were swiftly
eliminated owing to the rapid diffusion of surface atoms (see
Supplemental Material, Fig. S6b and Movie 5 [30]). As a
result, the nanorod is uniformly stretched.

Based on the insights gained from TEM characterization
and MD simulations, specifically the presence of a surface
amorphous layer encasing the crystal core, we propose a
crystal-core—liquid-shell structural model for metal nanorods
undergoing high-temperature elongation [Fig. 3(g)]. During
the steady-state stretching process, inner atoms of the
nanorod migrate toward the surface amorphous layer [solid
arrows in Fig. 3(g)], where vacancies are most concentrated.
They then diffuse rapidly along the amorphous layer [dashed
arrows in Fig. 3(g)]. Notably, the surface diffusion within the
amorphous layer is much higher compared to the lattice
diffusion inside the crystal (Fig. S5 [30]). This underpins
the prevailing role of lattice diffusion, represented by the
Nabarro-Herring creep mechanism [3,4], in governing the
constitutive response of the crystal core. Considering that
the surface tension effect also becomes important at nano-
scale, the equilibrium between the Nabarro-Herring creep
stress, the surface tension, and the external load applied to the
nanorod can be expressed as

 mkgTd; dL
~ 4BDQ dt

ndy, (2)
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where d; = d— 26 is the diameter of the crystal core,
0 denotes the thickness of the surface amorphous layer
which is usually negligible by comparison with d. B is a
function of L/d with its asymptotic value of B, = 12.37
when L > d [3,4]. Then the constitutive response of a metal
nanorod with diffusion-controlled deformation can be
obtained by substituting Eq. (2) into ¢ = 4F/xd*, which
reads

 kyTddL 4y
C=BpQdr 4 (3)

Based on Eq. (3), the observed ‘“rubberlike” mechanical
behavior [data points in Fig. 3(h)] is well predicted by the
theory [the solid lines in Fig. 3(h)]. In the calculation, y =
0417 N/m [39], Q = %77,'}"3 (r =0.161 nm is estimated
from the linear combination of the atom radius of the three
constituents using the mixing rule), k = 1.38 x 10723 J/K,
T =293 K,and D = 5.7 x 10713 m?/s (Fig. S5 [30]) were
used. The loading velocity for the five samples refers to
Table S1. Notably, the fracture stress also shows significant
size effect, increasing from ~25 MPa at diameter of 59 nm to
~206 MPa for diameter of 11 nm (Fig. S7a [30]). We
attribute the observed “smaller is stronger” to the surface
tension effect, i.e., the second term of Eq. (3). If substituting
the surface energy of InBiSn (y = 0.417 N/m [39])
into 6 = 4y/d, and then subtracting the surface tension
from the total stress, the contribution of lattice creep stress
to the fracture stress, i.e., [(Faacure/7R?) — (27/R)]/
(F fracture/ TR?), can be obtained (Fig. S7b [30]). It is clear
that the contribution of the lattice creep stress to the fracture
stress is smaller than 40% for all the tested samples and
shows no obvious size dependence (Fig. S7b [30]).

Physically, the fracture of metal nanorods is determined
by the competition between the displacive deformation-
induced necking and surface diffusion-based smoothing
(Figs. S8a and S8b) [23,40,41]. First, the propagation of
dislocations through the crystal core will generate surface
steps in the nanorod surface, resulting in local necking
(Fig. S8a [30]). While based on the MD simulations, we
observed that atom diffusion in the surface liquid layer
helps to flatten the surface steps (Fig. S6 [30]), thereby
maintaining the uniformly stretched state. If the timescale
of displacive deformation-induced necking (#;) is faster
than that of surface diffusion-based smoothing (#,), necking
fracture occurs. The two timescales can be estimated as (see
Supplemental Material for the detail [30])
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FIG. 4. (a) Comparison of the timescale of displacive deforma-
tion-induced necking and surface diffusion-induced smoothing
[Egs. (4) and (5)]. The red and blue lines represent the size-
dependent timescale of displacive deformation-induced necking
and the surface diffusion-induced smoothing, respectively. (b) The
obtained activation volume decreases as the maximum shear stress
increasing, where the black dashed line is given as a guide for the
eye. (¢),(d) Comparison of our experimental results with the tensile
of metal nanostructures in literatures (Sn [48], AlggFesCes [49],
Cu [45], Ag [23], Au [43]), where only the nanostructures with
diffusion-dominated deformation mechanism were chosen for
comparison. The maximum aspect ratio and elongation corre-
spond to the values at the moment of fracture.

is the angle between the direction of maximum shear
stress and the loading direction, ¢ is the loading strain
rate, V. is the activation volume for surface dislocation
nucleation [35]. AE = yQAK is the chemical potential
difference caused by surface tension gradient. By equating
Egs. (4) and (5), and substituting the size of a sample at
fracture in our experiments, i.e., L = 1421 nm,
R = 29.3 nm, and (dL/dt) =15.77 nm/s (Table S1),
b~04nml[42], 0 =0.6 eV [35],a =45°, R, = 2R,y =
0.417 N/m [39], r =0.161 nm, D, = 1.2 x 107! m?/s
(Fig. S5 [30]), and T =293 K, the activation volume
can be obtained as V.= 52b> which falls within the
activation volume range for surface dislocation nucle-
ation [35]. Similarly, the activation volume of other four
tested samples can also be obtained [Fig. S9 [30] ], which
agrees with the general trend of higher stress leading to lower
activation volume [35].

It is noteworthy that the enhanced surface atom
diffusion at the nanoscale has been observed in the
liquidlike pseudoelasticity in tensile of crystalline Ag
nanoparticles [22,43], the superelongation of Ag nano-
rods enabled by the slip-activated surface diffusion
mechanism [23], the superplasticity deformation of metal
and alloy nanostructures [44], and the rubberlike defor-
mation of Cu nanowires [45]. However, the maximum
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aspect ratio of stretched nanostructures in previous studies
cannot exceed A= +/2x, as limited by the Raleigh
instability [46,47], and the maximum elongation is
smaller than 300% [Figs. 4(a) and 4(b)]. In contrast,
the maximum aspect ratio and elongation in our experi-
ments are up to ~125 and 786%, respectively, signifi-
cantly larger than previous studies [Figs. 4(a) and 4(b)].
We attribute this significant difference to the tensile of
metal nanorods at high homologous temperature in our
experiments, which results in the unique crystal-core—
liquid-shell structure of metal nanorods as revealed by the
TEM characterization [Fig. 3(f)] and MD simulations
(Fig. S5 [30]).

In summary, our study provides the first compelling
direct experimental evidence of the conceptual model for
describing diffusion creep. Our findings shed light on the
intriguing phenomenon of superelongation deformation in
metal nanorods at high homologous temperatures, reaching
up to approximately 0.87 times their melting temperature.
Additionally, we observe a pronounced size effect on the
fracture stress of these nanorods. To explain these obser-
vations, we propose a “crystal-core—liquid-shell” structure
model based on the insights gained from TEM characteri-
zation and MD simulations. Furthermore, we develop a
comprehensive constitutive law that incorporates diffusion
creep mechanism and surface tension effect, allowing us to
quantitatively predict the observed superelongation behav-
ior and the unexpected size effect. These findings serve
as a benchmark for understanding the constitutive response
of nanoscale metallic crystals dominated by diffusion
processes.
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