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ABSTRACT
Studying the flow behavior is critical to understand the deformation mechanism of amorphous
solids. However, detecting the basic flow events in amorphous solids is challenging. Here, by simul-
taneous SAXS/WAXS, elementary flow carriers in wound metallic glasses are identified from flow-
induced structural heterogeneities with a radius of gyration of 2.5∼ 3.5 nm. Their size increases and
morphology changes fromsphere-like to rod-likeunder flow.Moreover, the atomic structure exhibits
anunusual change to amoredisordered state duringwinding/annealing at the temperature of ∼ 0.8
Tg. This work provides an atomic-to-nanoscale description of the flow carriers of amorphous solids
during deformation.

Impact Statement
The elementary flow carriers inmetallic glasses have a radius of gyration of 2.5∼ 3.5 nm.During flow,
their size increases and morphology changes from sphere-like to rod-like.
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Introduction

The absence of sufficient plasticity is the Achilles’ heel
that prevents the broad application of metallic glasses
(MGs) [1–3].MGs often fail catastrophically due to local-
ized plastic deformation via shear banding [4]. Despite
decades of research, a comprehensive understanding of
the deformationmechanism and flow behavior ofMGs is
still missing [5–8]. The free volume model [9] was first
introduced to explain the inhomogeneous flow behav-
ior in MGs by individual atomic jumps but was unable
to fully reveal the actual collective flow processes in
MGs [10]. The concept of shear transformation (ST)
[11,12], which considers a group of atoms instead of a
single atom to accommodate flow, was more success-
ful in interpreting plastic deformation in MGs. Another
term, the shear transformation zone (STZ) [13,14], which
is different from ST, was latterly introduced to describe
the pre-existing site imperfections as flow carriers in
interpreting the plastic deformation of amorphous solids.
The original STZ model is a simplified description that
does not consider the fundamental amorphous struc-
ture, which was recently found to contain consider-
able dynamic and structural heterogeneities at multi-
ple scales [15,16]. For example, elastic heterogeneities
in MGs [17] with a volume fraction up to 1/4 that
behave like viscous liquid have been proposed on the
basis of the results of in situ tensile creep experiments.
Significant nanoscale mechanical heterogeneities inMGs
were revealed by high-frequency dynamic micropillar
tests [18], atomic force acoustic microscopy [19], and
dynamic force microscopy [20]. Furthermore, in recent
experiments, there have been direct observations of
nanoscale short-range and medium-range order [21–24]
in MGs, which makes the real microscopic flow mecha-
nism more sophisticated than that described by the STZ
model.

ST/STZ concepts [11,13] provided physical pictures of
the elementary plastic deformation in amorphous solids
and successful theoretical tools for interpreting exper-
iments or simulations [25]. Based on the STZ model,
the concept of flow units (FUs) [26–28], representing
the regions in a MG with a soft mechanical response,
was thus introduced to explain the deformation and flow
mechanism. The FUs concept shares general features
with the well-recognized ST/STZ models, but the former
emphasizes dynamic and structural heterogeneities. FUs
can be activated by external stress at elevated tempera-
tures [29,30]. The activation energy for FUs was found
to be similar to the flow of viscous liquids and scaled
with Tg [31]. It is believed that MGs with a more pro-
nounced β-relaxation peak contain more FUs [26,32].
However, it is still under debate whether the elementary

carriers of flow, e.g. FUs, have any specific structural
origins [33–36]. Robust experimental evidence linking
dynamic heterogeneities with structural heterogeneities
in MGs has rarely been reported [28]. The practical dif-
ficulties come from two aspects. First, basic flow events
exist in very fast time domains and localized regions,
making them extremely difficult to control and probe
[11,14]. Second, there may be only subtle differences
between the atomic structures linked to the flow car-
riers and the surrounding matrix [37]. Nevertheless, if
one could steadily activate flow events and control the
volume fraction of FUs [38], then there would be oppor-
tunities to capture the structural signatures from the
changes in local density and atomic ordering induced by
the activation and flow of the FUs. Therefore, by analyz-
ing the multiscale structural information, the relation-
ship between FUs and microstructure could be estab-
lished.

In this study, a mandrel-winding method [30,38] was
employed to control the flow behavior in a Zr50Cu40Al10
MG. By this method, FUs were steadily activated by the
stored elastic energy, and homogeneous plastic flow in
MGs was achieved, which permitted the accurate study
of flow-induced structural change. Through simultane-
ous high energy synchrotron small- and wide-angle X-
ray scattering (SAXS/WAXS) on wound MG ribbons,
we discovered the evolution of structural heterogeneities
with a radius of gyration of 2.5∼3.5 nm in samples
with different states of activated FUs. The size and
morphology of the structural heterogeneities were ana-
lyzed accordingly. Simultaneously, an abnormal structure
change to a more disordered state could be revealed
during the winding/annealing process around 0.8 Tg
(i.e. around the β-relaxation peak temperature 554K,
corresponding to the characteristic timescale of 1 s)
[39], at which most of the FUs were activated [28].
The results of our study provide the first atomic to
nanoscale structural information that correlates closely
with elementary flow carriers and thus promotes a deeper
understanding of the dynamics-structure relationship
of MGs.

Materials andmethods

Sample preparation

The master Zr50Cu40Al10 alloys were prepared by arc-
melting elemental metals with purities above 99.99%.
Glassy ribbons with a uniform thickness of ∼22 μm
were prepared by a melt-spinning method. The glass
transition temperature (Tg = 693K) was obtained from
calorimetric measurements by a Perkin-Elmer DSC 8000
with high-purity standard aluminum crucibles under a
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constant flow of high-purity argon gas at a heating rate of
20K/min.

Mandrel winding

The ribbons were helically wound around a stainless steel
mandrel with a diameter of 3mm. The fully wound states
were mechanically constrained, placed in a furnace for
a period of holding time t at a specific temperature T,
and then released from the mandrel. Temperature fluc-
tuations during the experiments did not exceed 0.5 K.
In this work, the maximum strain on the surface of the
wound ribbon is estimated as ε = d/(D−d), where d
is the thickness of the ribbon and D is the diameter
of the circle formed by helically winding [30]. The ini-
tial imposed maximum strain ε was 0.728% (within the
elastic regime).

Transmission electronmicroscopy

TEM specimen was made by twin-jet electro-polishing
process. High-resolution electron microscopy (HREM)
pictures were taken by JEM-F200 TFEG at a flat region
and a wound region at the edge of the thinned region in
a TEM specimen.

Simultaneous SAXS/WAXS

Simultaneous synchrotron SAXS/WAXS was conducted
to probe the multiscale structural information directly
through a single X-ray shot in the transmission geom-
etry at beamline 1-ID at the Advanced Photon Source,
Argonne National Laboratory, using 70 keV X-rays. The
momentum transfer, Q, where Q is the magnitude of the
scattering vector defined as Q = 4πsinθ /λ and 2θ is the
scattering angle, was in the 0.005-0.168Å−1 range for
SAXS data and the 0.8-7.2 Å−1 range for WAXS data.
SAXS datawere reducedwith data corrected for the back-
ground and transmission and transformed onto an abso-
lute scale. The static structure factor, S(Q), was derived
from the WAXS data by masking bad pixels, integrating
images, subtracting the background, and correcting for
oblique incidence, absorption, multiple scattering, fluo-
rescence, Compton scattering, and Laue correction using
Fit2D and PDFgetX2.

Results

Homogeneous flow throughmandrel-winding

The Zr50Cu40Al10 glassy ribbons show a Tg = 693K at a
heating rate of 20K/min from DSC results. Four anneal-
ing temperatures close to Tg (0.6, 0.7, 0.8 and 0.9 Tg)
[38] were chosen during the winding process to ensure

significant homogeneous flows in the glassy ribbons at
reasonable experimental timescales. The inset in Figure
1a is a photograph of a wound glassy ribbon annealed
at 0.8 Tg with permanent plastic deformation induced
by the homogeneous flow of the MG. A schematic dia-
gram of the experimental setup of simultaneous syn-
chrotron SAXS/WAXS [40] is shown in Figure 1a. The
representative SAXS/WAXS profiles are shown in Figure
1b and c, respectively, and they reveal the nanoscale
heterogeneities and atomic structural evolution for the
woundZr50Cu40Al10 MGs. Crystallization is excluded, as
no Bragg peaks belonging to crystals are found. For the
whole set of SAXS/WAXS profiles, please see Supplemen-
tary Figures S1 and S2.

The evolution of the size andmorphology of
structural heterogeneities

Figure 2a illustrates different regions in a SAXS profile
used to extract nanoscale structural information for a
sample. The Guinier region, marked in the blue square, is
used to determine the radius of gyration Rg of structural
heterogeneities. Moreover, the power law region (in the
brown square) is used to describe the geometry, and the
Porod region (in the red square) shows the surface frac-
tal dimensions for structural heterogeneities [41]. In the
Guinier region, the radius of gyration Rg is obtained by
plotting the logarithm of the intensity vs. Q2, ln (I(Q)) =
lnI0 − R2g

3 Q
2, where I0 is the extrapolated zero-angle

intensity and Q is the magnitude of the scattering vec-
tor defined as Q = 4πsinθ /λ where 2θ is the scattering
angle and λ is the wavelength of incident X-rays. The Rg
values of all wound samples are shown in Figure 2b and
have a value from approximately 2.5–3.5 nm. For samples
annealed at 0.6 and 0.7 Tg, Rg increases gradually during
annealing. However, when the temperature approaches
the β-relaxation peak temperature (∼0.8 Tg) [30,42],
Rg decreases upon annealing. As Rg depends on both
the volume and shape of the structural heterogeneities
[41,43], the underlying mechanism of its evolution is
discussed later. In the power law region, where I(Q) is
plotted with Q−DM , the DM parameter reflects the mass
fractal dimension of the structural heterogeneities [44].
DM values of 1, 2, and 3 correspond to random or disor-
dered rods, disks, and spheres [44]. As shown in Figure
2c, the overall trend of DM decreased during annealing at
all temperatures. Among all the results, the DM value for
samples annealed at 0.8 Tg was the lowest. It decreased
gradually to 1, which reflected the morphological change
of the local heterogeneities from sphere-like to rod-like.
In a Porod analysis, the surface fractal dimension, PS (as
summarized in Figure 2c), also showed that the interface



550 J. GE ET AL.

between the structural heterogeneity and matrix became
smoother, especially at 0.8 Tg. For samples annealed at
0.9 Tg, we could not obtain the whole trend of structural
evolution due to the limited annealing time. Neverthe-
less, Rg and the morphology of structural heterogeneities
in samples annealed at 0.9 Tg showed values similar to
those of the samples annealed at 0.8 Tg.

The morphology and size analysis of the structural
heterogeneities offered direct evidence for the flow-
induced structural evolution, which could be related to
the structural origin of the FUs. Transmission Electron
Microscopy analysis also observed signs of enhanced
nanoscale structural heterogeneities in the wound part
of thin regions (see Supplementary Figures S3 and S4).
As the annealing temperature and time during the wind-
ing process increased, more FUs with higher activation
energy started to flow [30], leading to a higher degree
of structural change (e.g. atomic ordering or density)
along the flow pathway. These results were reflected by
the SAXS results for samples annealed at 0.6 and 0.7
Tg, in which the Rg values of the sphere-like structural

heterogeneities increased. Notably, the Rg values of the
structural heterogeneities decreased slightly in samples
annealed at 0.8 Tg and kept the low value at and above 0.8
Tg, althoughmore FUs have been activated [28]. The rea-
son could be that the structural heterogeneities have the
strongest tendency to change their shape from sphere-
like to rod-like atomic configurations at and above 0.8
Tg (as illustrated by the inset picture in Figure 2c). The
rod-like structure may be achieved through the connec-
tion between one end of the flowing atomic cluster and
the other, making one dimension elongate and the other
dimension shrink to accommodate the macroscopic flow
[30]. The resultant shortened dimension of the structural
heterogeneities was thus reflected in the decrease in Rg
according to the SAXS data [43,44].

Structural evolution at the atomic scale

Detailed structural information at the atomic level of
samples with different flow states is obtained from the
analysis of the first sharp diffraction peak (FSDP), Q1

Figure 1. a. Schematic diagram of the setup at beamline 1-ID of the advanced photon source (APS) concurrent with wide-angle X-
ray scattering (WAXS) and small-angle X-ray scattering (SAXS). The inset is a photograph of a wound glassy ribbon annealed at 0.8 Tg.
Simultaneous b. SAXS and c. WAXS profiles of samples annealed at 0.8 Tg.
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(Figure 1c) [45]. The analysis of moments was often
used to avoid the subjectivity of assumed functions for
the peak shape of the asymmetric FSDP (refer to the
calculation details of moments in the Supplementary
Material). It was suggested that the peak position (first
moment [46,47]) and width (directly related to the sec-
ondmoment [48]) of the FSDPwere linked to the packing
density and correlation length for glasses/liquids [22].
The first moments of Q1 of samples annealed at differ-
ent temperatures are plotted in Figure 3a. As MGs are
thermodynamically metastable, they continually relax to
an equilibrium state through the annihilation process
of structural defects [49,50], resulting in densification,
which is reflected in the increase in Q1 during annealing
(ρ∝Q1

D). This was consistent with the data for sam-
ples annealed below 0.8 Tg. The decrease in the second
moment of Q1 and the increase in the peak height of Q1
(Figure 3b and c) [45] further indicated that the struc-
ture became more ordered for samples annealed below
0.8 Tg. In contrast, the structure at 0.8 Tg returned to the
less ordered state after only several minutes of annealing.
This abnormal behavior indicated that the mechanism
for atomic structural evolution differed for the samples at

0.8 Tg and other temperatures. The structural disorder-
ing at 0.8 Tg indicates that FUs with less-ordered atomic
structure may be activated by an applied stress and ele-
vated temperature within the experimental time period.
It is also noted that the peak heights of Q1 for samples
annealed at 0.6 and 0.7 Tg after 10000 mins show the
decreasing trend, which may be because of the partial
activation of the FUs at the end of the treatment. There-
fore, the FU activation may contribute to the decrease in
the peak height of Q1 after long time annealing at 0.6 and
0.7 Tg. For samples annealed at 0.9 Tg, the data points
were insufficient to reveal the whole structural evolution
trend due to the limited time resolution caused by fast
dynamics. Thus, they are not discussed.

Discussion

The above SAXS/WAXS results provide comprehensive
structural information for the wound MGs annealed at
sub-Tg temperatures, where the structural characteris-
tics related to the microscopic flow were captured for
the first time by scattering techniques. It has been shown
that the study of heterogeneities in metallic glasses may

Figure 2. a. Illustration of different regions of SAXS data for analysis. The blue, brown, and red squares illustrate the Guinier region,
power-law region, and Porod region, respectively. The red line represents the Guinier fit. b. The radius of gyration Rg. c. The surface fractal
dimension, PS (filled symbol), and power law exponent, DM (open symbol), for structural heterogeneities as functions of annealing time
during the winding process.
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cover a range of orders of both time and length scales
[51,52]. For example, hierarchical heterogeneity was
found in a Zr-based bulk metallic glass using dynamic
modulus mapping on a nanoindentation platform [51].
Specifically, heterogeneities at the nanometer scale would
be closely linked to the elementary flow carriers. Liu
et al. [20] found that the mechanical heterogeneity of a
Zr55Cu30Ni5Al10 metallic glass had a correlation length
of ∼2.5 nm. It was [29] proposed that the volume of
FUs should be ∼3-6 nm3. Wagner et al. [19] reported
a wide distribution of local indentationmoduli on a scale
less than 10 nm. Cao et al. [53] found that amorphous
Pd-Si nanoparticles smaller than 3 nm exhibit liquid-like
behaviors. Our SAXS results showed the radius of gyra-
tion of the flow-induced structural heterogeneities to be
2.5∼3.5 nm,whichwas very close to the scale of dynamic
heterogeneities in the above previously reported results.
At the β-relaxation temperature (0.8 Tg), most of the
elementary flow carriers were activated and reached the
most considerable volume fraction. This resulted in the
enhanced connection of atomic clusters to accommodate
the macroscopic flow, which was reflected in the mor-
phological change of the structural heterogeneities from
sphere-like to rod-like.

The atomic structural analysis further revealed an
order-to-disorder transition of wound samples annealed

at approximately the β-relaxation temperature. The
structure underwent densification and structure order-
ing at first, which could be attributed to aging. It has
been recognized that aging may increase density and
enhance the formation of structural order [54–56]. After
approximately 10 min, the structure of samples annealed
at the β-relaxation temperature returned to a disordered
state, whichmeant that theMGmay have been thermally
rejuvenated [57,58] by the stored elastic energy through
the winding. Our study indicated that applying slight
stress at theβ-relaxation temperature should be sufficient
to overcome structural aging through the activation of a
significant amount of FUs, which change the local atomic
order and density within the flow pathways and thus lead
to overall structural disordering and rejuvenation.

Based on the simultaneous SAXS/WAXS results, the
whole picture of the structural evolution of the atomic
flow by the FU model could be depicted, as shown in
Figure 4. As the annealing time increased at sub-Tg tem-
peratures, thewoundmetallic glass started to flowmacro-
scopically. The macroscopic flow was achieved by the
activation and morphology change of the nanoscale FUs
as elementary flow carriers. At the atomic scale, there
were two competitive processes, structural aging and FU
activation. The former made the MG denser and more
ordered, while the latter made it disordered. At lower

Figure 4. Schematic diagram of structural evolution from atomic to nanoscale for samples annealed at 0.8 Tg based on the FU model.
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Figure 3. Results of the profile analysis of the first sharp diffrac-
tion peak in S(Q). (a) The first moment, (b) peak height, and (c)
the second moment as functions of annealing time at different
temperatures.

temperatures and shorter times, the aging process dom-
inated, while when the temperature reached 0.8 Tg, the
FU activation process gradually took over.

In conclusion, by winding samples into helices and
sub-Tg annealing, the flow events in a Zr50Cu40Al10 MG
were activated and finely controlled. From simultane-
ous high energy synchrotron SAXS/WAXS results, we
found that the radii of gyration of flow-induced structural
heterogeneities were approximately 2.5-3.5 nm, which
nondestructively confirmed the scale of dynamic het-
erogeneities that were reported based on simulations
[59], mechanical tests [18–20] and electron microscopy
[34,53]. We used the FU perspective to describe the
microscopic flow, that is, the collective movement of
atomic clusters and their connection from end to end,
which resulted in the rod-like morphology of structural

heterogeneities. The atomistic structural analysis further
determined an abnormal structure change to a state with
more disordered regions in samples wound/annealed at
around the β-relaxation temperature, which indicated
that the MG could be thermally rejuvenated. The transi-
tion may have resulted from competition between struc-
tural aging andFUaccumulation. The observationsmade
in this study will advance our knowledge of the deforma-
tionmechanism andflowbehavior inMGs and bridge the
structure and dynamics of these materials.
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