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Size-dependent deformation behavior in
nanosized amorphous metals suggesting
transition from collective to individual
atomic transport

Naijia Liu 1,2, Sungwoo Sohn1,3 , Min Young Na4, Gi Hoon Park4, Arindam Raj1,
Guannan Liu1, Sebastian A. Kube 1, Fusen Yuan5, Yanhui Liu 5,
Hye Jung Chang 4,6 & Jan Schroers 1

The underlying atomistic mechanism of deformation is a central problem in
mechanics andmaterials science.Whereas deformation of crystallinemetals is
fundamentally understood, the understanding of deformation of amorphous
metals lacks behind, particularly identifying the involved temporal and spatial
scales. Here, we reveal that at small scales the size-dependent deformation
behavior of amorphousmetals significantly deviates from homogeneous flow,
exhibiting increasing deformation rate with reducing size and gradually shif-
ted composition. This transition suggests the deformation mechanism chan-
ges from collective atomic transport by viscous flow to individual atomic
transport through interface diffusion. The critical length scale of the transition
is temperature dependent, exhibiting amaximumat the glass transition.While
viscous flow does not discriminate among alloy constituents, diffusion does
and the constituent element with higher diffusivity deforms faster. Our find-
ings yield insights into nano-mechanics and glass physics and may suggest
alternative processing methods to epitaxially grow metallic glasses.

Deformation, the response to external stress through a change in
configuration, has been a focus of metallurgy for almost 100 years.
Plastic deformation in crystalline materials typically utilizes disloca-
tions which slide in slip planes. For amorphous metals, the plastic
deformation changes dramatically as a function of temperature and
strain rate1. At low temperature and high strain rates, deformation is
highly localized in narrow shear bands. During such highly hetero-
genous shear banding controlled deformation, the vastmajority of the
sample’s atoms do not undergo any plastic strain and essentially all
plastic strain is carried by the minute fraction of atoms1–4. At high

temperature and low strain rates, deformation is essentially homo-
genous. Such dramatic transition in the deformation mechanism
within amorphous metals has been explained by a crossover of the
relaxation time, the internal time scale enabling structural rearrange-
ments, and the external time scale, set by the applieddeformation rate.
The relaxation time exhibits a strong temperature dependence and is
commonly described by the Vogel-Fulcher-Tamman (VFT) equation5.
Microscopically, such homogenous viscous flow has been envisioned
through a collectivemovement of atoms, which has been suggested to
occur within flow units, also called shear transformation zones
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(STZs)6–9, although recent direct experimental evidence suggests
atomic homogenous flow10.

Homogeneous flow enables thermoplastic forming, a unique
method in metal processing11. A correlation between viscosity (η),
length scale (d), strain rate (v/d), and applied shear stress (τs), τs =η

v
d, is

present under low Reynolds numbers and stick conditions of the
amorphousmetal to the container interface12. This relation reveals that
v decreases with decreasing d for constant applied stress. Even though
molding of amorphous metals has been successfully realized down to
small sizes ~10 nm12–14, this fundamental relation suggests the viscous
flow mechanism to become less effective with decreasing length
scales. Such predicted behavior points potentially to a change in
deformation mechanism for amorphous metals on a small scale.

To advance fabrication and use of amorphous metals, a funda-
mental and complete understanding of their size- and temperature-
dependent deformation is required15–17. For example, the size
dependence of the deformation of amorphous metals at low tem-
peratures and/or high strain rates has revealed a transition from
highly localized and heterogenous deformation to a homogenous
mechanism15,18–20. This transition is explained by a Griffith-like
criterium18 and has provided valuable insights into energetics of
shear band formations18,21. However, the study of the effect of size
confinement on the deformation under processing conditions of
homogenous deformation is still elusive and is the focus of the here
presented research.

In this study, we employ nanomolding techniques at elevated
temperature region (Fig. 1a) to investigate the size- and temperature-
dependency of the deformation mechanism and atomic transport in
amorphous metals. Our research reveals a notable size-dependent
transition in the deformation behavior of nanosized amorphous
metals under compression, occurring at a length scale typically around
or below 100nm. This critical length scale is dependent on both the
temperature of deformation and the specificmaterial under study. For
sizes larger than the critical length scale, deformation follows the
expected description of viscous flow and increasing size resulting in
faster deformation rate. However, for sizes below the critical length
scale, a substantial deviation from homogeneous viscous flow is
observed, exhibiting an increasing deformation rate with reducing
size, along with a gradual shifting in the composition of the deformed
material. This different scalingbehavior of deformationwith respect to
size indicates a transition in the underlying deformation mechanism,
whichmay be quantitatively explained by the competition and change
in dominance between collective atomic transport through homo-
geneous viscous flow and individual atomic transport via interface
atomic diffusion. The experimental findings presented in this work,
along with the theoretical framework suggested, provide insights into
nano-mechanics and physics of amorphous materials, including but
not limited to the deformationmechanisms, the bulk and surface glass
transition, breakdown of the Stokes-Einstein relation, and glass struc-
tures discussed in this paper.

Results
Deformation behavior deviating from homogeneous flow
During nanomolding (Fig. 1a), feedstock materials of amorphous
metals are forced into a rigid mold under certain molding pressure
(p) and temperature (T)12,22,23. The deformation in nanomolding is
confined in a well-controlled nano-geometry defined by the mold,
offering a powerful tool to investigate the deformation on the
nanoscale as a function of size and temperature. Specifically, as
practical examples for amorphous metal molding, we use three
distinct glass forming systems: Ni45Pd35P16B4 bulk metallic glass (Ni-
BMG), Zr46Cu46Al8 (Zr-BMG), and Pd43Ni10Cu27P20 (Pd-BMG), which
wemold into cylindrical nanopore arrays with diameters (d) ranging
from 10 nm to 250 nm. For the fabrication of nanowires, we consider
a range of molding temperatures above and below the calorimetric

glass transition temperature (Tg = 317 °C for Ni-BMG, 440 °C for Zr-
BMG, and 310 °C for Pd-BMG, Supplementary Fig. 1).

Themechanismof nanomoldinghasbeenpreviously describedby
the viscous flow of the homogenously deforming amorphous metal.
The length of nanowires (L) can be determined by a modified
Hagen–Poiseuille equation12:

p=
32η
t

L
d

� �2

� 4γ cosθ
d

, ð1Þ

where t is themolding time, γ is the surface tensionof theBMG, andθ is
the contact angle of the nanowire-mold interface. At high pressure, the
effect of capillary force can be neglected (Supplementary Note 1), and
Eq. (1) reveals a relationship, L=

ffiffiffiffiffi
pt

p /d/
ffiffiffi
η

p
(straight line in Fig. 1b and

Supplementary Note 2). This relation agrees well with our experi-
mental results for BMGs when the molding temperature T > Tg,
however, forT < Tg a significant discrepancy between the experimental
result and the prediction of the homogeneous flow model (Eq. (1)) is
observed. For example, when Ni-BMGs are deformed at Tg and
Tg + 10 °C (red dots in Fig. 1b), the deformation behavior mostly
follows the description of the homogeneous flow model. As a sharp
contrast, when molded at Tg − 10 °C, Tg − 20 °C, and Tg − 30 °C (blue
dots in Fig. 1b), the deformation behavior of Ni-BMG deviates from the
line representing the Hagen-Poiseuille equation, with most of the
results exhibit a notable higher deformation rate than predicted by
homogeneous flow (Fig. 1b). This observed discrepancy in the
deformation behavior of amorphous metals at nanoscales suggests
the presence of a mechanism that is distinct from the homogeneous
flow currently used to understand deformation in amorphous
materials.

Transiting deformation behavior in scaling experiments
To further investigate this observed discrepancy, we conducted scal-
ing experiments involving the molding length (L) and the molding
diameter (d) of various BMG systems at different temperatures
(Fig. 1c–f, data also presented in Fig. 5 and Supplementary Fig. 2).
Specifically, in one set of scaling experiments, BMGs are molded at
different d under constant temperature, pressure, and molding time.
We thus reveal the relation between the deformation rate, as char-
acterized by the molding length (L) within the fixed molding time (t),
with the length scale (d). Within the description of homogeneous flow
(Eq. (1) and Supplementary Note 1), L is expected to be proportional to
d when other molding conditions are fixed.

Figure 1c shows the length characterization of L from SEM inves-
tigations for Ni-BMG. The obtained L values are plotted vs. d at a
processing temperature of Tg – 20 °C (297 °C) (Fig. 1d). A clear tran-
sition in the scalingbehavior is present atd ~ 60 nm.For largermolding
diameters, d > 60nm, the molding length increases linearly with d,
suggesting a homogeneous flow mechanism. In qualitative contrast,
for d < 60 nm, L deviates from L ∝ d and exhibits an increasing trend as
d deceases, resulting in a faster deformation rate than homogeneous
flow (Fig. 1c, d and Supplementary Fig. 2). Similar transition phenom-
ena are also observed in nanomolding experiments with Zr-BMG and
Pd-BMG (Fig. 1e, f and Supplementary Fig. 2 for details). For example,
at amolding temperature of Tg – 20 °C, Zr-BMGexhibits a transition at
d ~ 120nm (Fig. 1e) and Pd-BMGshows a transition at d ~ 50 nm (Fig. 1f).

The existence of this transition in the here considered different
BMG systems highlights a size-dependent mechanism in the defor-
mation of amorphous metals, which challenges the previously accep-
ted deformation categorization into the homogeneous deformation
region1,12,18. At large scales, it agrees with the widely accepted homo-
geneous flow-dominated deformation. In contrast, at small scales, we
show here that deformation is no longer solely governed by homo-
geneous viscous flow.
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Effects of deformation mechanism on composition and
structure
Theobservedmechanism transition revealed in the scaling experiments
also affects the composition distribution within the formed nanowires.
To investigate this, we employed focused-ion beam (FIB) and trans-
mission electron microscopy (TEM) equipped with energy dispersive
X-ray spectroscopy (EDS) tomeasure thecompositionprofile ofNi-BMG
nanowires. We examined Ni45Pd35P16B4 samples formed through
homogeneous flow region (d = 120nm, Tg – 20 °C) and outside the
homogeneous flow region (d= 20nm, Tg – 20 °C). The EDS data of the
nanowire formed through homogeneous flow exhibits a uniform ele-
ment distribution from the feedstock and throughout the nanowire
(Fig. 2a, and additional details in Supplementary Figs. 3 and 4). For the

nanowire formed outside of the homogeneous flow region (Fig. 2b),
EDS mapping reveals a different chemical composition between the
feedstock and the nanowire. Specifically, the composition of Ni and Pd,
which is constant within the feedstock, increases along the growth
direction of the nanowire for Ni to ~80%while Pd decreases gradually to
~20% (more details in Supplementary Figs. 5 and 6).

Along with the contrast in the composition profile between
nanowires formed in and outside of the homogeneous flow region is
the contrast in their atomic structures (Fig. 3). We observed different
atomic structures for theNi-BMGsamples formed in andoutside of the
homogeneous flow region which are shown in Fig. 2a, b. Specifically,
the nanowire formed through homogeneous flow exhibits an amor-
phous structure, which is concluded from the halo ring pattern in the
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Fig. 1 | Size-dependent deformation behavior of amorphous metal nanowires.
a A bulk metallic glass (BMG) feedstock is molded into nanocavity arrays under an
applied pressure (p) and temperature (T). b The deformation behavior of molded
BMGs deviates from the viscous flow model (Eq. (1)). At temperatures T ≥ Tg (the
glass transition temperature), the normalized length (L=

ffiffiffiffiffi
pt

p
) exhibits a linear

correlation with
ffiffiffi
η

p
=d, where η is the viscosity and d is the molding diameter,

indicating a mechanism dominated by viscous flow. However, when T < Tg, the
linear correlation is no longer observed, suggesting a different mechanism than

viscousflow (SupplementaryNote 2, data is fromNi-BMG). c SEM imagesofmolded
nanowires used todetermine themolding length L inNi-BMG (Ni45Pd35P16B4).d L(d)
scaling results at a processing temperature T = Tg–20 °C reveal a transition in size-
dependent deformation behavior in Ni-BMG. For d > 60 nm, BMG deforms faster
with increasing size, whereas the deformation rate decreases with d at d < 60 nm.
e, f Similar transition in deformation behavior in Zr-BMG (Zr46Cu46Al8) and Pd-BMG
(Pd43Ni10Cu27P20) at T = Tg–20 °C. Error bars are defined by the standard deviation
of more than 10 measurements. Source data are provided as a Source Data file.
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selected area electron diffraction (SAED; Fig. 3a) and the high-
resolution TEM (HRTEM) image with fast Fourier transformation
(FFT; Fig. 3b). On the other hand, crystallization sets in for the nano-
wire formed outside of the homogeneous flow region, which can be
concluded from the distinguished spots in the SAED pattern (Fig. 3c
and Supplementary Fig. 7). The FFT of high-resolution TEM carried out
at various locations along the nanowire reveals crystallization (Fig. 3d,
e). At the nanowire’s root, which is close to the feedstock, the nanowire
remains amorphous (Fig. 3e(1) and (2)). Upon further growth
(increasing depth), the nanowire starts to crystallize (Fig. 3e(3)) and
the crystallized volume fraction increases (Fig. 3e(4)). These changes
in the atomic structure can be expected to result from the corre-
sponding shifts in the chemical composition, and will be discussed in
details later.

Discussion
Our experimental findings provide evidence for a mechanism tran-
sition in the deformation behavior of amorphous metals, char-
acterized by a deviation from the scaling behavior of homogeneous
flow (Fig. 1). While enhanced deformation in amorphous metals can
in theory be the result of various reasons, the observed scaling of L
vs. d, with an increasing deformation rate with decreasing length
scale (Fig. 1d–f), suggests a mechanism based on surface process.
This is due to the fact that as the surface-to-volume ratio increases
with decreasing length scale, surface effects become pronounced
and can eventually dominate the material properties. This principle
underlies most of the size effects observed in nanomaterials. Fast
atomic transport on the surface has been widely recognized to be
the deformation mechanism in crystalline materials in a variety of
scenarios, including grain boundary diffusion in high temperature
creep and surface and interface diffusion in tension and compres-
sion of nanomaterials24–26. Fast surface transport was also reported
in amorphousmetals27–29. Therefore, we argue that when amorphous
materials are deformed at very small length scale, as viscous flow is
limited by non-sliding boundary condition and the surface ratio is

enlarged, transport along the surface/interface surpasses viscous
flow as the dominant deformation mechanism.

Here, we consider two potential mechanisms controlling defor-
mation of amorphousmetals at the nanoscale: viscous flow and atomic
diffusion (Fig. 4a). Theoretical models predict the two mechanisms’
contrasting scaling behaviors between L and d (Supplementary Note 1
and 3). In the case of viscous flow (Eq. (1)), the length of the nanowires
is proportional to the molding diameter (L / d; Fig. 4a and Supple-
mentary Note 1). On the other hand, atomic diffusion typically utilizes
the nanowire-mold interface as a diffusion path, where the interface
diffusivity (DI) can be several orders ofmagnitude higher than the bulk
diffusivity27,30. This interface process causes L to increase with
decreasing d (Fig. 4a) and takes the specific form (Supplementary
Note 3):

L=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8δDIpΩt
dkBT

s
, ð2Þ

where δ is the thickness of the interface layer,Ω is the average atomic
volume, and kB is the Boltzmann constant. Under fixed molding con-
ditions, Eq. (2) gives L / d�1=2 for diffusion, resulting in a qualitatively
different scaling behavior than the scaling suggested by the viscous
flow mechanism.

Based on this analysis, when amorphous metals are deformed at
larger length scale, viscous flow dominates the deformation process
and L follows a linear scalingwith d. Upon reduction of the sample size,
as the flux based on homogeneous flow is limited by viscosity, fast
atomic transport through interface diffusion takes over, and even-
tually becoming the dominant deformationmechanism. This results in
a scaling of Lwith d −1/2 (Figs. 1 and 5). Our scaling experiments suggest
such a competition and change in dominance between viscous flow
and interface diffusion generally to be present in different amorphous
metals (Fig. 1d–f) and under general molding conditions (Fig. 1 and
Supplementary Fig. 2, also see in Fig. 5).
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Source Data file.
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Therefore, one plausible explanation for the experimental find-
ings presented above is the transition in the deformation mechanism
between viscous flow and interface diffusion. This transition is
accompanied by a change in the chemical composition of the nano-
wires (Fig. 2). While atoms move collectively during viscous flow and
their mobility is the same for all alloy constituents, during interface
diffusion, atoms move individually according to their constituent-
specific diffusivity. Consequently, this element-specific diffusion
changes the chemical composition in the formed nanowires, whereas
during viscous flow the composition remains unchanged (Fig. 4b). The
observed change in the composition of formedNi-BMGnanowires is in
line with interface diffusion when considering the atomic sizes of Pd

(137 pm) and Ni (124 pm) which suggests Ni as the faster diffuser in the
amorphous Ni45Pd35P16B4 (Fig. 4b).

The change in the nanowire composition formed through indivi-
dual atomic transport can further affect the crystallization kinetics of
the nanowire (Fig. 4c). The glass forming ability (GFA) of an alloy is
generally a strong function of its composition17,31–35. For highly engi-
neered BMG alloys, like the here considered Ni45Pd35P16B4, the GFA is
optimized and can be expected to decrease when changing the com-
position away from the known BMG composition33,34. In other words,
the time to reach crystallization (τcry) is maximum at the known BMG
composition and decreases with changing composition. If τcry falls
below the experimental time scale (texp) due to changing composition,
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Fig. 4 | Transition between collective and individual atomic transport. a The
twopossiblemechanisms forBMGdeformation at the nano-scale, viscousflow, L(d)
∝ d (Eq. (1)) and interface diffusion, L(d)∝ d −1/2 (Eq. (2)), where L is the molding
length and d is the molding diameter, exhibit qualitatively and quantitatively dif-
ferent scaling of L(d). b Within viscous flow, different elements have identical
velocity of motion (depending on the location relative to the center of the nano-
cavity), resulting in collective atomic transport with an unchanging and uniform
composition along the nanowire. In contrast within the interface diffusion
mechanism, elements move with different velocities, according to their different
diffusivities in an individual atomic transport process. As more atoms of the faster
diffuser reach the tip of the nanowire, the composition of the nanowire changes

away from the nominal composition in the feedstock towards that of the faster
diffuser. c For a highly optimized BMG composition like the here used
Ni45Pd35P16B4, a change in composition generally shorten the time to reach crys-
tallization (τcry (T, c)). Under conditions leading to collective atomic transport (red
boxes, viscous flow), the BMG nanowire maintains its composition, hence leaving
τcry unchanged. Therefore, if the processing time texp <τcry, crystallization does not
take place during deformation and an amorphous nanowire forms. Under condi-
tions leading to deformation based on individual atomic transport, the composi-
tion changes which can lead to τcry (c) <texp, hence causing crystallization (blue
circles, corresponding to (i) to (iii) in b).
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crystallization occurs (Fig. 4c). During deformation based on individual
atomic transport (Fig. 3c) the composition of the nanowires at the root
is the same as the feedstock, hence exhibiting the largest τcry, which
exceeds texp (blue (i) in Fig. 4c).With further growthof thenanowire, the
composition changes and hence τcry decreases. For the structure to
remain amorphous, some compositional changes can occur as long as
τcry > texp (blue (ii) in Fig. 4c). However, upon further diffusion-
controlled growth, the composition continues to change which can
reach τcry < texp, where the nanowire starts to crystallize (blue (iii) in
Fig. 4c). Based on this mechanism, the length of the amorphous part in
the nanowire is controlled by the differences among the diffusivities of
the constituent elements. If the diffusivities vary largely among the
constituents, the composition of the nanowire changes rapidly, which
would lead to a short amorphous nanowire. On the other hand, if the
diffusivities among the constituents are very similar, the composition of
the nanowire changes very slowly and it can be expected that crystal-
lization sets in at a longernanowire length. The above suggested change
in composition effect on crystallization is not present when nanowires
are deformed by collective atomic transport through viscous flow. In
this case, the formingnanowiremaintains its compositionof thehighest
glass forming ability (largest τcry), ensuring τcry > texp. As a result, the
formed nanowire remains in its amorphous structure (Fig. 3a).

The above discussion of the composition and atomic structure
further suggests the physical picture of a transformation of the two
different deformation modes and their size dependence (Supple-
mentary Note 4). Deformation is generally motivated by the release of
internal energy induced by the applied external stress. Driven by this
external stress, different deformation mechanisms compete, and the

one with the fastest energy release rate (deformation rate)
dominates26. This forms the fundamental principle for the transition in
the deformation mechanism during nanomolding. While the viscous
flow-based deformation rate increases with size (Eq. (1)), the interface
diffusion-based deformation rate decreases (Eq. (2)). Their different
size dependencies suggest a crossover of the dominant mechanism
(Fig. 1d–f).

The deformation rates for both mechanisms are either controlled
by viscosity or interface diffusivity, which are both functions of the
molding temperature. Therefore, one should expect that the transition
in the dominating mechanism should also be temperature dependent.
To explore such possible temperature dependence of the change in
mechanisms, we carried out nanomolding over a broad temperature
range and determined the normalized molding length (L=

ffiffiffiffiffi
pt

p
) as a

function of d (Fig. 5). We found that the transition in the deformation
mechanism as a function of d is also a function of temperature. At high
temperature (Tg + 10 °C), collective atomic transport (viscous flow)
dominates thedeformationat all length scales≥ 10 nm,while forT ≤ Tg,
to Tg – 50 °C, a transition length scale (dc) between collective (red) and
individual atomic transport regions (blue) is suggested (Fig. 5). Con-
sidering the T and d dependence of L reveals that dc is temperature
dependent. At Tg, dc ~ 19 nm and increases to ~ 31 nm at Tg – 10 °C,
~62 nm at Tg – 20 °C, and ~ 97 nm at Tg – 30 °C. Surprisingly, the
temperature-dependence of dc is not monotonic, as dc decreases with
further decreasing temperature, to dc ~ 85 nm at Tg – 50 °C (Fig. 5 and
Supplementary Note 5).

To explain the non-monotonic temperature dependence of dc, we
calculate the viscosity and interface diffusivity with the data from

0

5x10-5

0

5x10-5

0

5x10-5

0

4x10-4

0

2x10-3

0

10-4

0

10-3

L/
p1/

2 t1/
2  (

nm
/P

a1/
2 s

1/
2 )

Tg+10°C

Tg

Tg-10°C

Tg-20°C

Tg-30°C

Tg-40°C

Tg-50°C

0 50 100 150 200 250
 d (nm)

Fig. 5 | Temperature dependency of the suggested deformation mechanism.
The normalized length (L=

ffiffiffiffiffi
pt

p
) vs. molding size (d) scaling suggests a transition in

mechanism from collective atomic transport (viscous flow, red) to individual
atomic transport (interface diffusion, blue) for temperatures fromTg + 10 °C to Tg –
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quantified by the standard deviation of more than 10 measurements. Source data
are provided as a Source Data file.
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nanomolding (Fig. 6a). Using the fitting result of interface diffusion
and viscous flow segments, η is obtained by η= pt

32 ðdLÞ
2
, and DI through

DI = L2
pt

dkBT
8Ωδ (Supplementary Note 6). Fig. 6a exhibits the so-calculated

temperature-dependency of η and DI. A kink in the measured viscosity
data at 287 °C (Tg – 30 °C) indicates the glass transition present under
the applied nanomolding conditions (texp = 36,000 s)36,37. At tempera-
tures above Tg – 30 °C, η increases rapidly following the Vogel-Fulcher-
Tammann (VFT) equation of η = η0exp

D*
VFTT0

T�T0

� �
, where D*

VFT is a fragi-
lity parameter and T0 is the temperature at which the relaxation time
diverges. At T ≤ 287 °C, the supercooled liquid freezes into a glass,
evidenced by a change of fragility, ∂ logðηÞ∂Tg=T

, which than follows Arrhenius
behavior (Fig. 6a). In contrast, DI reveals a smooth function of tem-
perature (Fig. 6a).

Weargue that thenon-monotonicbehaviorofdc originates fromthe
different temperature behavior of DI and η. Assuming the fastest energy
release rate is chosen, a transition in mechanism takes place where col-
lective and individual atomic transport results in the same molding
length. Under identical molding conditions (p, t, and T), Eqs. (1) and (2)

give the molding length for collective atomic transport as Lcol =
ffiffiffiffiffiffi
pt
32η

q
d,

and for individual atomic transport Lind =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8pΩt
kBT

� δDI
1
d

q
. Equating Lcol =

Lind, the corresponding critical length scale is (Supplementary Note 7)

dc =
256Ω
kBT

δη=ð1=DIÞ
� �1=3

ð3Þ
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Fig. 6 | Deformation mechanism map and material properties revealed by
nanomolding. a Viscosity (red) and interface diffusivity (1/DI, blue) calculated
according to η= pt

32 ðdLÞ
2
and DI = L2

pt
dkBT
8Ωδ for each temperature based on the experi-

mental data in Fig. 5. A kink in the measured viscosity data at Tg – 30 °C indicates
the bulk glass transition under conditions used here for the nanomolding. The
viscosity data of themetastable equilibrium state (supercooled liquid) is fitted with
VFT equation, and for the glass state with an Arrhenius behavior. The interface
diffusivity data are fitted with an Arrhenius behavior (solid blue line). For tem-
peratures below Tg – 30 °C (η ~ 1012 Pa·s) the calculated viscosity no longer follows
the VFT prediction, thereby inducing a non-monotonic behavior of the critical
length scale, dc. Source data are provided as a Source Data file. b Deformation
mechanismmap for nano-scale Ni-BMG based on the fitted viscosity and diffusivity

shown in a. The circlesmark the dc measured from scaling experiments in Fig. 5. At
even larger length scales than the here discussed collective to individual atomic
transport transition, shear localization dominates the deformation at low tem-
peratures when the experimental time scale exceeds the intrinsic relaxation time
scale of the BMG. Source data are provided as a Source Data file. c Using the
measured viscosity and interface diffusivity data, we calculated the bulk diffusivity
of the Ni-BMG and revealed a breakdown of Stokes-Einstein relation (SER) at ~ 1.15
Tg. d Bulk and interface glass transition temperatures differ due to their different
internal time scales27, 30. Considering the here used external time scales and using
the experimentally determined bulk and interface relaxation times, the interface
glass transition (with experimental time scale tmolding = 36,000 s) occurs at ~ 254 °C
and the bulk glass transition at ~ 288 °C.
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Equation (3) reveals thatdc is proportional to (η/(1/DI))
1/3, showing

a similar non-monotonic behavior at 287 °C.
We use Eq. (3) to predict dc over a wide temperature range and

summarize the results in a deformation mechanism map (Fig. 6b).
Within the entire temperature range, individual atomic transport
dominates the deformation at small scales, whereas collective atomic
transport takes over at large scales. The range of diffusion-dominated
deformation reaches a maximum, up to ~ 100nm, at 287 °C. Since this
temperature for maximum dc originates from the kink in the ratio
between η and 1 /DI due to the bulk glass transition, we can also expect
this maximum temperature to shift with different experimental time
scales (texp). At low temperatures ≤100 °C, the map suggests that
individual atomic transport through interface diffusion can still dom-
inate deformations at scales below 10 nm28,29.

Deformation describes the transformation of a body from a
reference configuration to the current configuration in response to an
external stress. In this study, metallic glasses are plastically deformed
into nanomolds by an applied compression pressure. The nano-
features form from an originally flat surface. Plastic deformation
dominated by atomic diffusion has been recognized in crystalline
materials for high temperatures (e.g., Coble creep) or ultra-small
sample sizes24,25. Nevertheless, such diffusion dominated deformation
has not been observed in metallic glasses where homogenous defor-
mation is envisioned as viscous flow. We argue that the suggested
transition of deformationmechanism from collective (viscous flow) to
individual atomic transport (diffusion) is due to i) the increasing
effectiveness of interface diffusion when the surface ratio is increased
by reducing sample size, and ii) the decreasing effectiveness of viscous
flow when decreasing size due to boundary conditions which require
higher and higher shear rates. The later factor is more pronounced in
the here presented compression scenario. For the tension case, other
boundary conditions such as the surface tension working against the
sample elongation will replace the here present non-sliding boundary
condition in the compression case. As a result, a similar mechanism
transition will be present in tension, however at a different critical
dimension than in the compression case.

The here uncovered transition from collective to individual
transport also reveals the breakdown of the Stokes-Einstein relation
(SER)38,39. At high temperatures in the liquid state, viscosity and bulk
diffusivity (DB) are quantitively correlated through the Stokes-Einstein
relation, DBη=

kBT
cπR, where R is the effective radius of the diffusing

particle and c is a constant. This relation decouples when the tem-
perature approaches Tg, and the change of η and DB with temperature
are independent. A deviation between the temperature dependent
curves of DB and the diffusivity from SER (DSER =

kBT
cπR

1
η, as a function of

viscosity) indicates the breakdown temperature of SER (Fig. 6c).
Therefore, this breakdown temperature (TSER) can be revealed by
measuring the temperature dependent viscosity and bulk diffusivity.
To extract the bulk diffusivity from nanomolding, we consider the
random first-order transition theory and set the activation energy for
bulk diffusionQB = 2QI = 3.16 eV30,40. Here, the activation energy for the
interface diffusion (QI) of the Ni-BMG is measured through nano-
molding (Fig. 6a and Supplementary Note 6). The Arrhenius plot ofDB

follows the curve ofDSER at TSER = 1.15 Tg ~ 408 °C (Fig. 6c, and details in
Supplementary Note 8). This breakdown temperature of the Stokes-
Einstein relation is similar to direct measurement with radiotracer
methods from similar glass forming systems38. It should bementioned
that the above assumption of QB = 2QI is a rough estimation. The
predicted absolute value of temperatures with SER breakdown and
some other materials properties may shift with the actual value of QB

(Supplementary Note 9).
Under collective transport, the temperature dependent viscosity

exhibits a kink at 287 °C, which we consider the bulk glass transition in
nanomolding36,37. However, a similar kink does not exist for interface
diffusivity measured through individual atomic transport (Fig. 6a). This

indicates a different glass transition temperature at the interface than in
the bulk27. Glass transition occurs at the temperature where the
relaxation time scale (τ) equals the experimental time scale (texp), τ =
texp. In amorphous metals, higher atomic mobility on the surface/
interface results in shorter relaxation time than in bulk and, conse-
quently, a lower glass transition temperature27,30,41–43. Using the relaxa-
tion time determined by differential scanning calorimetry at Tg of
τg = 76 s, we achieved a VFT fitting of the bulk relaxation time (τB) by
τB / η (Fig. 6c, d and Supplementary Note 9), and interface relaxation
time (τI) by τI = τB

DI
DB

(Fig. 6d and Supplementary Note 9). For the here
used conditions for nanomolding of texp = 36000 s, these relaxation
times result in a glass transition at the interface at 254 °C and in the bulk
at 288 °C. The latter is very similar to the kink in the temperature
dependent viscosity at 287 °C. The interface glass transition tempera-
ture is ~30 °C lower than that of the bulk, comparable to values deter-
mined through electron correlation microscopy and simulation results
of other metallic glass systems27,44.

Beyond its scientific relevance, the suggested change in deforma-
tion mechanism with decreasing size towards individual atomic trans-
portmay also suggest novel synthesismethods formetallic glasses. The
individually diffusing atoms diffuse down the pressure gradient until
they reach the tip of the nanowire45–47. Here, they are templated on the
amorphous structure and assume a position in an epitaxial-manner.
This mechanism results in packing motifs of forming nanowire only
occurring on the 2D surface, different from the typical volume process
where 3D packing motifs dominate (such as widely used melt-
quenching methods)48. Such different packing may result in different
glass structures. As discussed above (Fig. 3), the different diffusivities of
the alloy constituents cause the composition of the forming nanowire
to change. Such changing composition generally reduce glass forming
ability and the growth of the amorphous nanowire is terminated when
the compositional changes induce crystallization (Fig. 3c–e). As the
difference between the diffusivities of the constituents determines how
rapidly composition change, it is reasonable to assume that with BMG
alloys made from constituents with similar diffusivities, long amor-
phous nanowires can be epitaxially grown.

In conclusion, we have uncovered a size-dependent transition in
the deformation behavior in nanosized amorphous metals using
nanomolding at elevated temperatures. The deformation follows the
widely accepted homogeneous flow at large scale, but deviates from
such scaling for sample sizes belowa critical length scale. This transition
has been substantiated through scaling experiments and composition
characterization which have revealed that deformation in amorphous
metals is size- and temperature-dependent, which is summarized in a
nano-scale deformation mechanism map. The experimental findings
and theoretical framework established in this work suggest that, at all
temperatures, collective atomic transport through viscous flow dom-
inates at large sizes, while individual atomic transport through interface
diffusion takes over at small scales. The critical length scale of the
transition between individual and collective atomic transport is a non-
monotonic function of temperature, exhibiting amaximum at the glass
transition. Nanowire formed through individual atomic transport exhi-
bit a gradient in chemistry, which can also lead to crystallization. If
crystallization can be avoided, forming nanowires through individual
atomic transport may suggest novel synthesis methods for amorphous
metals. Further, the ability to realize conditions where these two
transportmechanisms are comparable also suggests insights into nano-
mechanics and the physics of amorphous metals, beyond the here
revealedbreakdownof theStokes-Einstein relation and thedifference in
bulk and surface glass transition temperatures.

Methods
Preparation of BMGs
The Ni45Pd35P16B4 BMG used in this study is a composition that we
developedwhich is inspired by previous researches49.We prepared the
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Ni45Pd35P16B4 and Pd43Ni10Cu27P20 BMG through melt-quenching. A
master alloy (~10 g) was prepared by induction melting of high purity
raw materials of Ni, Pd, Ni50P50 alloy, Cu, and B (>99.95 %) in an
evacuated quartz tube (with vacuum level <10mTorr). We then fluxed
the alloy with dehydrated boron trioxide (B2O3) at 1150 °C for 30min.
Melt-quenching was then applied by re-melting the fluxed alloy at
1100 °C for 2min in vacuum and subsequent 1min in Argon atmo-
sphere (positive pressureof ~5 × 105mTorr) before vitrified into a 3mm
rod by water quenching. Zr46Cu46Al8 BMG was fabricated through
suction casting. A master alloy (~5 g) was mixed by arc melting from
high purity constituent (99.99+ %, from Alfa Aesar) and in positive
Argon pressure. The alloy was melted for at least six times and turned
over between melting to ensure fully mixing. This master alloy was
then remelted in positive Argon pressure and suction casted into a
water-cooled cylinder copper mold with 2mm as the inner diameter.
The fabricated BMG rods were sliced into discs of thickness ~ 0.8mm
with surfaces polished down to ~ 1 µm for nanomolding. The amor-
phous nature of the prepared BMG feedstocks was confirmed by X-ray
diffraction (XRD) and differential scanning calorimetry (DSC) (Sup-
plementary Figs. 1 and 8).

Nanomolding
Ni-based, Zr-based, and Pd-based BMG feedstocks were deformed by
nanomolding with various molding conditions. Finely polished feed-
stock discs were first prepressed against the mold (porous anodic
aluminum oxide, AAO) of desired diameter (d) at 337 °C for Ni-BMG
(20 °C above calorimetric Tg) with a linearly increasing load from 0 to
350MPa in 30 s and hold for 3 s before releasing, 470 °C for Zr-BMG
(30 °C above calorimetric Tg) with a linearly increasing load from 0 to
280MPa in 30 s and hold for 30 s before releasing, and 330 °C for Pd-
BMG (20 °C above calorimetric Tg) with a linearly increasing load from
0 to 560MPa in30 s andhold for 3 s before releasing. These conditions
were carefully calibrated to sufficiently remove the surface roughness
of the feedstock and result in only small prints from the mold with
aspect ratio smaller than 0.5 (Supplementary Fig. 8). The BMG-mold
combination was then tuned to the molding temperature (T) and
molded with controlled pressure (p) and time (t) without demolding.
We adjusted the molding conditions of p and t for different molding
temperatures to get practical length of nanowires for length mea-
surement. These conditions are: for Ni-BMG p = 1 GPa, t = 300 s for 327
°C and 317 °C; p = 2GPa, t = 900 s for 307 °C; p = 1.25 GPa, t = 36000 s
for 297 °C; andp = 2GPa, t = 36,000 s for 287 °C, 277 °C, and267 °C, for
Zr-BMG p = 1.25GPa, t = 900 s for 420 °C, and for Pd-BMG p = 2GPa,
t = 3600 s for 290 °C. Upon nanomolding, the AAOmold was removed
bywet etching in 3mol/L potassiumhydroxide (KOH) solution at room
temperature for 10 hours followed by rinsing in distilled water for
10 hours. We then characterized the length of molded nanowires by
scanning electron microscopy (SEM).

Composition and atomic structure characterizations
The nanostructure of the molded rods was characterized using trans-
mission electron microscopy (TEM, Thermo Fisher Scientific, Talos
F200X and Tecnai F20 G2) equipped with a Super-X energy-dispersive
X-ray spectrometer (EDS). It is essential to prepare the TEM samples
including the BMG feedstock and the deformed nanorods altogether
to see the change of chemical composition and crystal structure. Thus,
the thin lamellas for TEMwere carefully prepared in focused ion beam
(FIB, Hitachi, NX5000) keeping the original structure. Lamellas were
taken from insideof themold combinations aftermechanical polishing
the cross-section edge of the combinations followed by an additional
100 μmmilling by Ga+ ion in FIB (Supplementary Fig. 9(i) and (ii)). For
a uniformfinemilling, the lifted lamellawas rotated 90 degrees so that
the BMG feedstock was top layer of the sample along ion milling
direction while the porous AAO template went down, and then carbon
was deposited as protection layer on the BMG (Supplementary

Fig. 9(iii) and (iv)). These lamellas were carefully thinned down to a
thickness similar to the corresponding nanowire diameters (d = 20nm
and d = 120nm). To prevent the lamella bending which results in
decoupling of the BMG feedstock and the AAO template, only the
upper part of the sample was further milled leaving the lower part to
support the lamella rigidly (Supplementary Fig. 9(v)).

Data availability
All data needed to evaluate the conclusion in this paper are present in
the paper and/or the Supplementary Information. Source data are
provided with this paper.
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