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The atomic-scale structural rearrangement of glasses on applied stress is

central to the understanding of their macroscopic mechanical properties
and behaviour. However, experimentally resolving the atomic-scale
structural changes of a deformed glass remains challenging due to the
disordered nature of the glass structure. Conventional structural analyses

such as X-ray diffraction are based on the assumption of structural isotropy
and hence cannot discern the subtle atomic-scale structural rearrangement
induced by deformation. Here we show that structural anisotropy correlates
with non-affine atomic displacements—meaning those that do not preserve
parallel lines in the atomic structure—in various types of glass. This serves
as anapproach foridentifying the atomic-scale non-affine deformation
inglasses. We also uncover the atomic-level mechanism responsible for
plastic flow, which differs between metallic glasses and covalent glasses.
The non-affine structural rearrangements in metallic glasses are mediated
through the stretching or contraction of atomic bonds. The non-affinity of
covalent glasses that occursin alesslocalized manner is mediated through
the rotation of atomic bonds or chains without changing the bond length.
These findings provide key ingredients for exploring the atomic-scale
process governing the macroscopic deformation of amorphous solids.

Glasses cover various kinds of vitrified solid including oxide glasses,
polymer glasses and metallic glasses (MGs), which have been anindis-

are fundamentally related to the unique atomic-scale deformation
mechanism of glasses for which the lattice defects do not exist in the

pensable part of our daily life and modern world'. Compared with
crystalline materials, glassy materials exhibit remarkably different
deformation behaviours®™*. For example, most glasses display high
strength, yet tend to show strain localization on shear>¢, and hence, they
exhibit macroscopic brittle behaviour’”°. These deformation features

amorphous structure'®?, Over the past decades, numerous atomic
simulations have shown that the plastic flow in glasses at the atomic
scaleinvolveslocal non-affine structural rearrangement at defect-like
regions” . Many theories were proposed based on this atomistic pic-
ture, including the free volume model”, shear transformation zone
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model*?° and so on. The local non-affine structural rearrangement
has also been experimentally identified in colloidal glasses” ** owing
to the large length and long timescales of colloidal particles. How-
ever, experimentally resolving atomic-scale non-affine deformation
in atomic or molecular glasses remains a substantial challenge. Fur-
thermore, despite the success of local arrangement modelling, the
identification of specific atomic mechanisms for different types of
glassisstillnot fully achieved. For example, covalently bonded glasses
exhibit plastic flow behaviour that notably differs from that of MGs>*.
The loosely packed or low-density atomic regions are susceptible to
plastic flow and hence are often considered as ‘plasticity carriers’in
MGs*'8, In contrast, the high-density components are found to act as
plasticity carriers responsible for the plastic flow in network-bonded
silicon glass®, which is opposite to the picture for MGs. We still lack a
fundamental understanding of the atomistic origin of such contrasting
behaviours, in terms of the atomic-level process responsible for the
plastic flow in various types of glass.

Identifying the non-affine rearrangement from atomic displace-
ment is crucial for understanding the mechanical failure of solids,
melting of crystals and devitrification of glasses''>*”*%, Currently, a
paradigm utilizing the coarse-graining method has been proposed
to decompose the atomic displacement into a decoupled affine and
non-affine part by properly choosing the projection operator in the
frame of the lattice structure®. This shows that non-affine displace-
ment can originate from the spatial heterogeneity of elastic moduli*°
and thermal fluctuations®. The non-affine part also accounts for the
emergence of defects or slip planes®®*' and the metastable transition
atinfinitesimal stresses in crystals®.

For deformed amorphous solids, the non-affinity of atomic dis-
placement s related to the breaking of local centrosymmetry”****.Ina
centrosymmetric crystalline lattice, the forces applied onany one atom
arebalanced by its pair nearest neighbours due to mirror symmetry or
inversion symmetry®. This leads to the affine displacements of atoms,
whichare proportional to the applied deformation. However, inadisor-
dered|attice, eachatomisinauniquelocal configuration with the break-
ing of centrosymmetry. Asaresult, the forces applied to an atom cannot
be cancelled out and have to be balanced by a non-affine displacement to
ensure localmechanical equilibrium®*, Recently, it hasbeen shown that
the non-affinity of atomic displacements is critical for understanding
the softness of the elastic rigidity of amorphous solids***** and hence
the glass transition®. On the other hand, the amorphous structure of
aglass or liquid on shear flow tends to be distorted from the spherical
symmetry or becomes anisotropic*%. The shear-induced structural
anisotropy has been observed in the nonlinear rheology of liquids®, as
well as the deformation of polymer*° and MGs***,and can be described
by the distortion of pair distribution functions (PDFs) interms of spheri-
cal harmonic expansions®**?, which contain key information about the
atomic-level deformation process. Therefore, one can speculate that
atomic non-affine deformation may leave some ‘fingerprints’ in the
shear-induced structural anisotropy of a deformed glass.

In this study, we make a connection between the deformation-
induced structural anisotropy and atomic non-affine deformationin
various types of glass by high-energy X-ray diffraction (XRD). Through a
quantitative analysis of anisotropic PDFs, we identify the specific mode
for non-affine atomic deformation, whichis different between MGs and
the other types of glass of covalent bonds. The experimental results are
alsovalidated by atomistic simulations, providing atomic-level insights
into the physical mechanism governing the macroscopic deformation
of amorphous solids.

For anisotropic materials, the directional dependence of struc-
tural factors and PDFs can be well described by spherical harmonic
expansions**%

S@=Z 5@y (3) o= ACIAC Y

HereY/"is the spherical harmonics, ris the distance vectorand Q
is the scattering vector. The coefficients of spherical harmonics S," (Q)
and g;" (r) contain information of the local structure change, and are
related through the spherical Bessel transformation****:;
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where p,is the number density of atoms and/,(x) is the spherical Bessel
function. Among these coefficients, Sg(Q) and gg(r) represent the
isotropic structural change on deformation, whereas the anisotropic
structural factor and PDF, thatis, S2(Q)and g‘z’(r), reflectthe structure
difference between two perpendicular directions on uniaxial deforma-
tion*. Assuming that the sample is isotropic in the x-y plane, we have
m=0andequations (1) and (2) can be simplified. In the case of uniaxial
deformation, if only the terms up to [ =2 are considered, we have
$9(Q) = 16m/45)[S(Q.x = 0) — S(Q.x = T/2)]. Here y is the angle
between the sample anisotropy axis (the ‘zaxis’) and the scattering
vector Q, whichliesin the plane containing the ‘zaxis’ (ref. 45). There-
fore, the terms Sg(Q) and g‘z’(r) can be experimentally obtained
fromthe diffraction experiments. For aglassy solid on affine deforma-
tion, it has been theoretically showed that the anisotropic PDF, gg(r),
is proportional to the first derivative of the isotropic PDF for the
first-order expansion with respect to the deformation strain***,
For an elastic affine deformation in a uniaxial compression**, gg(r)
canbe expressed in terms of dg(r)/dr:

3)

1\"221 +v) dg(r)
gg,aff(r)zsaff<§> 3 Tar

where v is the Poisson ratio and ¢, is the affine strain along the
loading axis.

We chose four different types of glass for the experimental study:
aMG (Zrs, sCu,;oNiy, (Al Tis, Vit105), a polymer glass (polystyrene (PS)),
amonatomic glass (amorphous Se) and an oxide glass (B,0;). These
glasses were first annealed at a temperature of 0.97, (T is the glass
transition temperature) and then subjected to the high-temperature
creep treatment at 0.97,and a constant uniaxial compressive stress of
0.90, (0, istheyield strength of the glass at 0.97,). Methods provides
more experimental details. After the creep treatment, independent
high-energy XRD measurements were carried out along two orien-
tations at room temperature (Fig. 1a). The first measurement was
performed with the ‘instrumental z axis’ parallel to the loading axis
of the crept samples (denoted as the P position). Then, the sample
was in-plane (the y-z plane) rotated by 90° around the diffraction
axis (denoted as the N position), and the measurement was repeated.
Two-dimensional diffraction patterns of samples were collected for
each position. Special care has been taken to reduce both instru-
mental and statistical errors (Methods), which is important for the
accurate measurement of structural anisotropy signals. The exist-
ence of structural anisotropy in the crept samples can be justified by
differencing the two-dimensional diffraction patterns between the
P and N positions. Averaging these two patterns gives the isotropic
structure, and the discrepancy between them gives the anisotropic
one. For glassy materials with an isotropic structure, the circular
diffraction rings obtained from two states cancel each other after
the difference, whereas the diffraction rings from anisotropic glassy
solids are distorted, not cancelling out after rotating 90°. Typical
examples of differential diffraction patterns for both undeformed
and high-temperature crept Vit105 MG samples are showninFig.1b,c,
respectively. Evidently, the undeformed sample has anideal isotropic
atomic structure with a homogeneous contrast on the differential
diffraction pattern, whereas the high-temperature crept sample
shows non-overlapped ellipse diffraction rings, indicating the exist-
ence of an anisotropic atomic structure. The same phenomenon
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Fig.1|Illustration of detecting and characterizing the anisotropic structure
for glasses after creep. a, Schematic of the XRD setup for detecting structural
anisotropy. b, For the undeformed MG sample, the circular diffraction rings for
the Pand N positions are balanced with each other after differencing, indicating

Intensity

theisotropicstructure. ¢, For the high-temperature crept MG sample, non-
overlapped elliptical diffraction rings are observed after differencing the signals
of Pand N positions, indicating the anisotropic structure.

isalso observed for other types of glass (Supplementary Fig.1). These
results suggest that the structural anisotropy is a general signature of
glasses of various types as driven by the plastic deformation after the
high-temperature creep.

Figure 2 (left) shows the anisotropic PDF g‘z’ex (r) (solid line)
obtained from experimental results for different types of glass. The
affine part, g‘Jaff (r) (Fig. 2 (left), dashed line), can also be extracted by
fitting the experimental curves according to equation (3), with
the fitting parameter a = ) ——— &, The values of afitted for different
glasses are givenin the figure. A comparison of the isotropic gg exp r
and amsotroplcgO (r)valuesxsalso shown (Fig. 2, right). ForV1t105
MG (Fig. 2a), it is “evident that gO (r) and g“aff(r) match well
with each other at large interatomic “distances (r>11A), indicating
an affine deformation at a long distance. At r<114, go (r) and
go (P areinphase, but gge ) hasalowerpeakhelghtthan g‘z’ &0,
mdlcatmg the occurrence of non-affine strain or inelastic strain at
r<11A.Theseresults aresimilar to earlier reports*****, and imply that
the MG deforms in amanner of the localized inelastic regions embed-
ded in an elastic deformed matrix. The long-range affine strain
observed here could originate from the ‘frozen-in” anelasticity
quenched from the high-temperature creep. According to previous
studies’®, when the sample is cooled down and the stress is removed
from the creep, the anelastic strain only recovers a little and most of
the anelasticity is retained at room temperature, which produces
long-range elastic stress in the matrix to balance the stress produced
dueto the constraint of local strained regions**. It is worth noting that
equation (3) is just the first-order approximation in an infinite expan-
sion for the two-point correlation function®. We also performed an

error analysis of the higher-order terms for the MG (Supplementary
TextI). Theresults clearly show that the first-order expansionis accu-
rate enough for extracting g‘z’,aff(r), and the higher-order terms canbe
neglected for our experimental results.

The critical distance r, at which g° (r) begins to deviate from
gg (") canberoughly taken as the characterlstlc size of local regions
(or the radiusifthe region is spherical) undergoing non-affine deforma-
tion. The average size of the localized non-affine region determined
forthe MG by thisway is around 1.1 nm, corresponding to hundreds of
atoms. Accordingtotheliterature, asingle shear transformation zone
usually contains 5-50 atoms*”*%, Therefore, the local non-affine defor-
mation of MGs determined by the structural anisotropic analysis may
involve acascade of or avalanche of several shear transformation zones.
Thisis consistent with the results from atomistic simulations***’, From
Fig.2b, one canseea clear shiftin the peak positionsin g° (r) relative
tothosein gg exp (r). Thissuggests achangeinthe coordmatmg distance
around any atom during the deformation of the MG. Since the first
nearest-neighbour peak of the PDF is relatively well separated fromthe
second peak, the atomic-bond length in MGs can be roughly defined
asthe average distance between the nearest-neighbour atoms* In this
sense, we can see that the local non-affine atomic arrangements inMGs
mainly proceed through the stretching or contraction of atomic bonds,
probably accompanied by the breaking of some bonds.

It is interesting to test whether the microscopic deformation
mechanism observed in MGs can be extended to other types of glass
or not. For non-MGs (B,0;, Se and PS), the anisotropic profiles
exhibit remarkable differences fromthose in MG. For Se, gD (r) and
gD (") show little resemblance (Fig. 2c). For B,0; and PS g° (D
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Fig.2| Comparison of experimentally observed anisotropic PDF to
theoretically fitted anisotropic PDF, and to observed isotropic PDF for the
studied glasses after creep deformation. Experimentally observed anisotropic
PDF ggexp(r) theoretically fitted anisotropic PDF g‘z’ (r)and observed isotropic
PDF gg exp(r) a, For the Vit105 MG, gg (rymatches well with g‘)aff (r)atthelong
distance (>11 A), but hasamuch lower peak height at the short distance (<11 A).

b, Shiftin the peak position of gg,exp (r)relative to gg’exp (r), suggesting the

change inbond length during deformation. ¢,e,g, Comparison of observed
&  exp (N and theoretically fitted & 5 at¢ (1) foramorphous Se (c), PS (e) and B,0; (g)
glass, respectively. The peak positions ofgO 2exp (r)and g" 2 aff (rydonot match

inthese glasses. d,f,h, Comparison of observed gD

(r)and & exp (D fOT

amorphous Se (d), PS (f) andB,0; (h) glass, respectlvely Thegood agreementin
the peak positions between g" rexp (r)and 33 exp (r)inthese glasses indicates the
rotation of atomic bonds without changing the bond length.Source data

becomes almost flat beyond 5 A, whereas ggex (r) shows some
oscillations above 5 A. The curves of g" (r) and g0 ((r) are clearly
not matched with each other in the peak positions (an 2e,g). This

absence of similarity between ggexp(r) and g‘z)aff(r) implies that the

structural changes in these glasses are intrinsically non-affine. Even
though they appear elastic at amacroscopicscale, at the atomicscale,
they undergo non-affine rearrangement on the anelastic deformation.
Therefore, the mechanism of anelastic deformation of these glasses is
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Fig.3| Correlations of structural anisotropy with non-affine deformation
and changes in bonds for deformed metallic and polymer glasses in
simulations. a,b, For both MG (a) and polymer (b) glass, the intensity of g‘z’ (r)
increases with the squared non-affinity D?at any r, indicating a positive
correlation between structural anisotropy and local non-affine deformation
(L. and r2,,, denote the firstand second peak positions in g(r), respectively).
¢, Inthe MG, the fraction of the number of breaking bonds increases with D?,
indicating abond-cutting-mediated plastic deformation mechanism.d, For the
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polymer glass after creep, the angle probability distribution for the C-Cbonds in
the aliphatic moiety increases in the direction perpendicular to the compression
axis (¢ >45°) on the expense of the probability in parallel directions (¢ <45°),
whereas it is opposite for that of the benzene rings. This indicates the
reorientation of C-C bonds towards the plane perpendicular to the compression
axisinboth cases, suggesting abond-rotation-mediated deformation
mechanism.Source data

fundamentally different from that of MGs. On the other hand, the
comparisonof gg’exp(r)with ggyexp(r)shows thattheir peaksareinphase
(Fig. 2d,f,g (arrows) for B,0;, Se and PS glasses, respectively). This
means that the bond lengths between atoms and interchain distances
in these glasses do not change during the local non-affine atomic
arrangements, suggesting that the structural changes occur mainly
duetotherotation of atomic bonds, without changing the bond length.

By analysing the discrepancy between g‘z’,exp (r) and g‘;‘aff 0,
many key information about the atomic-scale non-affine deformation
canbeextracted for different types of glass. Alternatively, we can also
precisely determine the radially varying strain, (r), from the
experimentally measured g‘z’ex (r) and gey,, (1) values based on the
theoretical methods discuss’e(fin another work®® (Supplementary
TextIl). Supplementary Fig. 4 shows the radially varying strain curves
of &(r) for the Vit105 MG solved for both first-order and second-order
approximations. The spatially dependent non-affine strain €,q,,5(r)
can be well distinguished from the constant affine strain &, We can
clearly see that &,,n4¢r () Violently oscillates at small r and gradually
approaches g, at large r, indicating that the non-affine deformation
of MGsis spatially localized and tends to disappear at large distances.
The separation of the non-affine part and affine part here is well consist-
ent with the decomposition of microscopic particle displacements
into non-affine and affine parts with the computational methods pre-
sented inthe literature’®”. We also calculated the spatially dependent
strain curves by artificially choosing different values of ¢, (affine strain
canbeinputastheinitial value of ¢(r) at thelarge end of r) (Supplemen-
tary Fig. 5). Evidently, with the increase in &,, €y0narr(r) becomes
stronger as indicated by theincreased height of the peaksin &4, (r),

whereas the positions for the occurrence of non-affine strain are
unchanged. Since the constant affine strainis the ‘frozen-in” anelasticity
quenched fromthe high-temperature creep®, andis positively related
to the macroscopic creep strain, the calculated results suggest that the
non-affinity of atomic arrangements becomes stronger with the
increase in macroscopic creep deformation.

To verify the experimental results, we performed molecular
dynamics (MD) simulations on the creep of atypical MG (Cus,Zrs,) and
a covalently bonded polymer glass (PS). The creep curves and the
comparison of g‘z)(r) with g‘o’(r) and adg(r)/drin the simulation agree
well with that in the experiments (Supplementary Fig. 6). In the MD
simulations, the non-affine structural rearrangement can be quantified
by the squared mean of non-affine displacement, D?, on a local level.
Its calculation can be generalized as the projection of atomic displace-
ment into mutually orthogonal subspaces using the projectors that
depend on the coarse-grained volume®. The separated affine part
represents the homogeneous linear transformations of a reference
configuration within the coarse-grained volume, whereas the
non-affine part represents the deviation from the linear response
related with the defect generation in crystals or the emergence of a
shear transformation zone in glasses'>***'. The correlation functions
concerningthe affine and non-affine displacements can be computed
for crystals within harmonic theory**. Here D?is defined as the squared
deviation of therelative displacement of the nearest neighbours about
the central atoms after creep to the affine transformation of the dis-
placement field before creep, by choosing that the affine transforma-
tion minimizes the square of the deviation®. We calculated g‘z’(r) for
each particle and compared it with the squared non-affine
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insimulations. a, Squared non-affine displacements (represented by the colour
bar) in the simulated Cus,Zrs, MG revealing a heterogeneous deformation

with severely deformed local plastic regions embedded in the elastic matrix.
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loss and gain of atoms via bond breaking and formation. ¢, Squared non-affine
displacement (represented by the colour bar) in the simulated polymer glass is
relatively uniform compared with thatin the MG. d, After creep deformation, a
chain of the simulated polymer glass clearly shows a reorientation of C-C bonds
and benzene rings (obvious changes are denoted by the arrows).

displacement D for the same particle. As shown in Fig. 3a,b, the mag-
nitude of anisotropy increases with D?at any distance r, indicating that
the atoms of higher non-affinity also exhibit stronger structural ani-
sotropy. This correlation is more evident at the first- and second-
nearest-neighbour shells (Fig. 3a,b, arrows labelled ., and r2,,,).
With increasing r, the onset position of clear anisotropy shifts to the
larger D? suggesting that the spatial range of structural anisotropy
monotonically depends on the strength of non-affine deformation. In
Fig. 3, we chose the nearest neighbours as the cutoffin the D? calcula-
tion. Thisisdue tothe fact that thisis the smallestlength scale that the
elasticity can be properly defined, and is of the highest precision for
the property of the atomic attribute. We also checked the effect of the
cutoffon the correlation by varying the cutoff for the D? calculationin
thevicinity of the first neighbours, forexample, ryotf = 1.57min, Where
I'minis the first minimumin g(r) (Supplementary Fig. 7). The correlation
between structural anisotropy and non-affine deformation (Supple-
mentary Fig. 7) is similar to that shown in Fig. 3. We, thus, conclude that
structural anisotropy is agood measure of the magnitude and spatial
extension of local plasticity in both atomic and molecular glasses.

To elucidate the atomic-level deformation mechanism alluded
by the experimental results, we analysed the bond breaking after the
creep in MGs. If two atoms are separated by a distance less than the
first minimum position in g(r), they are considered to be bonded in
MGs, and vice versa. The bond-breaking percentage for each particle,
defined as the fraction of the number of broken bonds among the
total bonds after creep, is averaged over the particle for each value of
D? (Fig. 3¢). The fraction of breaking bonds monotonically increases
with D?, exhibiting a linear relation at small squared non-affine dis-
placement. This linear relation can also be verified in colloidal suspen-
sions at a small value?, confirming that the plasticity is conferred by
the bond-breaking events in atomic systems. Interestingly, the linear
fit hits the “y axis’ at a non-zero value, indicating a threshold of the

bond-breaking percentage of about 10% for a plastic-flow event. As
the average coordination number is around 12-14 in MGs, this means
that atleast one bond has to be broken around the central particle for
theinelastic deformation to occur.

In polymer glasses, the relevant atomic motion is the rotation of
covalentbonds. There are two kinds of carbon-carbon (C-C) bond in
PS glasses: one is the C-C bond in the aliphatic moiety (the chain of
C-C bonds that link the benzene rings in PS glass) characterized by
its bond orientation, and the other one is the C-C bond in benzene
rings characterized by the normal direction of the benzene rings. We
calculated the distribution probability difference AP(@), defined as
the distribution probability difference of C-Cbonds at angle ¢ before
and after the creep. Here @ is the angle between the C-C-bond orien-
tation and the compression axis, or the normal direction of benzene
rings and compression axis. As shown in Fig. 3d, an enhanced prob-
ability canbe seen at around ¢ = 0° for the benzene rings, whereas the
enhanced probability locates ataround ¢ = 90°for the C-Cbondsinthe
aliphatic moiety. This gives the evidence that compression reorients
thebenzenerings and C-Cbonds towards the plane perpendicular to
stress, confirming that irreversible deformation is accomplished by
the reorientation of covalent bonds in this molecular glass.

Theintuitive atomic-level processes associated with plastic defor-
mationin metallic and polymer glasses obtained from MD simulations
are shown in Fig. 4. Plastic deformation represented by the squared
non-affine displacement field is spatially heterogeneous both in metal-
lic and polymer glasses (Fig. 4a,c). An intuitive deformation mecha-
nism is shown in Fig. 4b,d that presents configuration changes in the
deformation units of the simulated glasses. On compression, the local
atomic structurein MGis plastically deformed withbond contraction
and stretching (Fig. 4b), resulting in bond breaking and reformation
denoted by arrows, thus losing and regaining the neighbour atoms.
For the polymer glass, Fig. 4d shows a fairly different mechanism:
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the molecular chain rotates, as denoted by arrows, without obvious
changesin the bond length. The structural anisotropy of the samples
after creep measured by diffraction clearly suggests these deforma-
tion mechanisms.

Currently, the general understanding of the deformation mecha-
nism of atomic or molecular glasses is mainly achieved through the-
oretical models and simulations” . Experimentally resolving the
atomic-scale deformation process of glasses with conventional tech-
niques, such as electron microscopy, remains extremely challenging.
Ourresultssuggest that the deformation-induced structural anisotropy
canactasaunique approach for identifying the atomic-scale non-affine
deformation in real glassy materials: they reveal hidden information
about their atomic-scale deformation process, and provide a ‘fin-
gerprint’ of the deformation mechanism. The commonly proposed
deformation ‘order parameter’is usually based on the pre-knowledge
of local packing geometry'>*°=2, Our approach does not require any
prior detailed knowledge of the atomic structure, rendering a direct
measure of deformation. Our simulations demonstrate that the struc-
tural anisotropy correlates with the non-affine atomic displacement
in alocal manner, corroborating the intuitive interpretation of the
experimental findings. Therefore, thisapproach allows direct access to
the atomic-scale deformation information by diffraction experiments
forsamples that underwent creep deformation. Further, itisnoted that
the defectsin crystalline materials are susceptible to non-affine atomic
displacements®®*, which is essential for understanding their macro-
scopical mechanical response. Our structural anisotropy approach to
detect non-affine atomic displacements may be extended to crystalline
solids with a high concentration of defects.

Based on the structural anisotropy analysis, we can see that the
plastic flow of MGs proceeds in a manner of the localized inelastic
regions embedded in an elastically deformed matrix. This picture is
consistent with the local atomic rearranging models proposed'®*>**,
The average size of the local inelastic regions determined for the MG
from our analysis is ~1.1 nm, consistent with the estimation by the
strain-rate jump experiments**®*> and with earlier results*. On the
other hand, the size of the local deformation unit is small, involving
5-50 atoms on average*’. Thus, creep deformation must involve a
cascade process associated with ductile deformation®. In contrast, a
surprisingly long-range elastic field is not visible for covalent and
polymer glasses. These glasses are not close packed but have more
openstructures. Thus, deformation occurs through the local rotation
of chains and covalent units. Because of the complexity of the structure
oftheisotropic PDF, gg,exp(r)quicklyloses signal with distance, making
the long-range stress field invisible to the PDF. A chemically resolved
PDF may offer more information. It is interesting to note that g‘z’exp(r)
shows more oscillations than gg exp (1) and modelling this will help to
understand the deformation mécFlanism better. Rotation of atomic
bonds or molecular chains is consistent with the anomalous plastic
flow behaviour observed in directionally bonded glasses**. In addi-
tion, the mode of non-affine atomic arrangements (stretching and
contraction versus the rotation of atomic bonds) also has animportant
impact onthe macroscopic creep behaviour of glasses (Supplementary
Fig.8).Forthe MG, the non-affine mode of atomic-bond stretchingand
contraction leads to a continuous and gradual increase in the creep
strain with the creep time; the sample was finally crept into a barrel
shape without rupture, indicating that the mode of bond stretching
and contraction can sustain alarge plastic deformation. However, for
the polymer glass, the strainincreases sharply at some time in the later
creep stage, leading to the rupture of the sample. This suggests that
the mode of rotation of atomic bonds has alimit for sustaining plastic
deformation.

Finally, it is worth noting that stress-induced structural anisot-
ropy leads to the anisotropy of properties in glasses®. We measured
the elastic modulus E of the crept Vit105 MG rod across the cross sec-
tion and longitudinal section (Supplementary Fig. 9). The average

E value for the two sections is 102 and 110 GPa, respectively, with a
difference of -7.8%. Such an obvious difference in Eclearly reflects the
important effect of structural anisotropy onthe property anisotropy.
Therefore, the stress-induced structural anisotropy should also be
considered in the performance design of glasses for their structural
applications.

In summary, we propose the structural anisotropy measured by
the high-energy XRD technique, as a unique tool to identify the mode
oflocal non-affine deformationin various types of glass. By interpreting
the features of the anisotropic PDF through the squared non-affine dis-
placement observed in computer simulations, modes of the non-affine
atomic rearrangements governing the plastic flow of glasses can be
determined. The modes are different between MGs and other types
of glass with directional covalent bonds. The plastic flow of MGs is
localized, occurring through the stretching and contraction of atomic
bondsinlocalized plastic-flow zonesembedded in the elastic matrix.In
covalentglasses, deformation occurs through the local rotation of mol-
ecules or chemical motifs, whichis allowed in open network structures.
Our results demonstrate that the stress-induced structural anisotropy
serves as an effective tool to sort out different modes of the atomic-scale
non-affine deformation processin glassy solids, and provide key infor-
mation forunderstanding their microscopic deformation mechanism.
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Methods

Materials and sample preparation

Four types of glass, including MG (Zrs, sCu;oNiy, Al Tis Vit105 MG),
polymer glass (PS), monatomic glass (amorphous Se) and oxide glass
(B,05), are chosen for this study. For MGs, ingots were prepared by
weighing appropriate amounts of pure elements (purity, >99.95%)
and then alloyed by arc melting in a Ti-gettered argon atmosphere.
MG rods with a diameter of 2.5 mm were made by suck casting into a
water-cooled Cumould. The rods with the same diameter for the other
three types of glass (PS, Se and B,0,) were prepared by casting the
re-melted melts of powder or slices of the same compositioninto cold
Cumoulds. All of the prepared rods were cut into cylinder-shaped sam-
ples withdiameters of 2.5 mmand alength of 5.0 mm for compression
and creep tests. Thermal properties of the prepared samplessuchas T,
were determined by a differential scanning calorimeter (PerkinElmer
8000) at a heating rate of 20 K min™. The amorphous structure of the
samples was confirmed through XRD testing (Bruker D8 instrument,
CuKaradiation).

Mechanical testing

Before compression and creep testing, all the cylindrical samples
were pre-annealed at 0.97, in a vacuum annealing furnace for 8 h to
reach arelaxed state. Todetermine theyield strength o,, the annealed
samples were uniaxially compressed with a strain rate of 2.5 x10™*s™
at 0.97,inaflowing argon environment. For each material, three sam-
plesweretested to confirmthe repeatability. Creep experiments were
conducted by uniaxially compressing the samples to 0.90, and then
held for 4 h using a loading controlling mode of the testing machine,
atroom temperature and high temperature. After thermo-creep, the
samples were unloaded and drawnin cold water within 5 storetain the
deformed configuration as much as possible. The longitudinal and
radial moduli of the crept samples were measured by nanoindenta-
tiontestsonthe polished cross section and longitudinal section of the
cylindrical sample. On each section, 16 indentations in a 4 x 4 matrix
with aninterval space of 100 pm were loaded to a depth of 400 nm at
aquasi-static loading rate.

Structure characterization

Structure characterization was carried out through high-energy
XRD at the 6-ID beamline of the Advanced Photon Source, Argonne
National Laboratory. Amonochromatic X-ray beam with awavelength
of 0.12359 A (100 keV) was used to obtain diffraction patterns in the
transmission geometry. A two-dimensional stationary detector with
2,048 x 2,048 pixelsand 200 pm x 200 pm pixel size was used to collect
the diffraction pattern. The beam centre, detector tilt angles and dis-
tance between the sample and detector were calibrated using the CeO,
powder standard. FIT2D software (version number: V17.006) was used
to correct for dark current and to re-bin the data. The non-uniformity
oftheincident beam and detector response may cause an anisotropic
diffraction signal. To reduce this effect, a flat-field calibration was
conducted to ensure nearly perfect uniform illumination. Also, the
dark signal for the detector was collected when the beam was off and
subtracted from the sample signal to reduce any instrumental error.
Toimprove the statistical results, the diffraction signal is collected for
along time before the detector reached the saturation limit, and the
measurements were repeated several times until no furtherimprove-
ment was observed. After creep deformation, the cylindrical samples
wererapidly quenched toroom temperature to retain the anisotropic
structure. Then, thin plates with a size of ~2.5 mm x 4.5 mm x 0.5 mm
were cut fromthe central part of the annealed and crept samples along
the loading axis for performing synchrotron XRD tests at room tem-
perature. The XRD measurement was tested on a sample along two
orientations: for the first measurement, the loading axis of the crept
samplesis parallel to the ‘instrumental zaxis’ of the XRD measurement,
which was defined as the P position. For the second measurement,

the thin-plate samples were in-plane (y-z plane) rotated by 90° with
the loading axis vertical to the ‘zaxis’, and is defined as the N position
(Fig.1a).

Atomistic simulations

We performed classical MD simulations of a model CuZr binary
alloy based on the developed embedded-atom method”, and a
coarse-grained PS model*® by LAMMPS code?. In the PS model, each
styrene unitis coarse grained into four beads, withonerepresenting the
aliphatic moiety and three representing the phenyl ring. Each PS chain
contains ten monomers, with the beads on eachmonomer connecting
via the B-mapping method. For the mechanical property simulation,
both systems contain40,000 particlesinacubicboxwith the periodic
boundary conditionappliedin every dimension. After identifying the
yield stress for uniaxial compression at 0.87,, we simulated the creep
experimentby applying a constant stress along the ‘y axis’at 0.650, for
atimeinterval of 40 nsfor CuZr and 100 ns for PS at the same reduced
temperature. Then, the pressure was released. After stress retracting,
the shape of the sample does not return to the original one, with a
portion of residual strain sustained. Thus, the involvement of plastic
deformation for particles after the creep was characterized by the
squared non-affine displacement”. Configuration information was
collected after short-time relaxation, when the system reached the
steady state, without showing any notable energy drift.

Data availability
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