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A B S T R A C T   

Viscoelasticity-induced structural change in Zr55Cu30Ni5Al10 metallic glass (Zr-MG) and amorphous selenium (a- 
Se) is investigated using synchrotron X-ray diffraction. By analyzing the two-dimensional diffraction pattern, two 
types of structural anisotropy with the feature of the residual elastic strain or heterogeneous intensity of 
diffraction rings are revealed. The origin of the structural anisotropy is attributed to the topological rear-
rangement in the Zr-MG and conformation rearrangement in the a-Se. Our findings bring a structural identity to 
the phenomenological structureless deformation defect widely used in different amorphous materials.   

Mechanical response of materials is critically determined by their 
crystal structure. Making a direct link between the structure and me-
chanical behaviors in amorphous materials, however, is challenging 
since deformation defects are not well defined in such materials [1]. 
Viscoelasticity, a local stress-relaxation behavior, is often linked to 
so-called “flow defects” in metallic glasses (MGs) based on the obser-
vation of viscoelastic-to-viscoplastic transition [2–4]. Furthermore, the 
transition of inhomogeneous-to-homogeneous deformation in MGs is 
determined by the relaxation time of viscoelasticity [2,5]. Therefore, the 
characterization of the local structural change induced by viscoelasticity 
is the key to understanding deformation defects and hence the defor-
mation mechanisms of amorphous materials. 

Viscoelasticity in a variety of amorphous materials can be well 
described by a complex combination of mechanical analogs, the Hoo-
kean elastic spring and Newtonian damper, but its corresponding 
structural information is rarely studied because “flow defects” and their 
motion in amorphous materials is hardly captured, unlike dislocations in 
crystalline materials. Instead, a phenomenological model [6,7] pro-
posed that flow defect regions, shear transformation zones, are linked to 
unstable atomic sites with extra volume (named free volume) and their 
surrounding atoms, which can be activated under shear. The 
free-volume model quantitatively reproduces the experimental 
stress-strain curves for polymers and amorphous alloys [8,9]. Indeed, 
the amorphous materials’ density slightly decreases upon annealing in 
support of the free-volume concept [10–12]. Such phenomenological 
model has been widely adopted across all amorphous materials, but the 

viscoelastic response at the microscopic level for different amorphous 
materials is more complex due to the difference in both the length scale 
and rearrangement mode of their structural units. 

The structural unit of amorphous materials is diverse in geometry 
and length scale. Silica glass has a tetragonal structural unit forming a 
network of rings of different sizes [13,14], amorphous polymers consist 
of polymer chains with varying lengths, and MGs have structural units of 
densely packed atomic clusters [15,16]. Besides dramatically different 
structural units, the packing density of their structural units changes 
from one amorphous material to another, and the packing density even 
in the same material is heterogeneous, considering the geometrical 
frustration with a periodic structure [16]. Moreover, Cohen and Turn-
bull [17] pointed out that the free-volume size in liquid metals was 
around 10% of the average atomic size while 70% of the average atomic 
volume in van der Waals liquid. All above-mentioned differences, 
however, are smeared by the free-volume model. Furthermore, an 
integration method of the local structure characterization and molecular 
dynamics (MD) simulations revealed that both the free volume (sites 
under a negative atomic pressure) and anti-free volume (sites under a 
positive atomic pressure) are created through a 
topological-rearrangement process of cutting and forming bonds when 
MGs are homogeneously deformed around the glass-transition temper-
ature (Tg) [4,5]. This topological rearrangement is the elementary 
excitation event [18] in the “flow defects” associated with viscoelastic 
responses in MGs. Still, it is unknown whether viscoelasticity in 
nonmetallic amorphous systems involves a similar process of the 
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topological rearrangement and defect creation. 
To study the viscoelasticity-induced structural change, two proto-

typical amorphous materials, Zr55Cu30Ni5Al10 metallic glass (Zr-MG) 
and amorphous selenium (a-Se), were chosen in the present work. A 
monatomic a-Se, similar to a narrow molecular weight distribution of 
polymer, has a well-defined covalent-bound chain structure. The 
metallic-bound Zr-MG has a densely packed structure. Viscoelasticity 
was introduced into both samples through the thermal-mechanical 
creep. Zr-MG (Tg = 434 ◦C) was crept under uniaxial compressive 
stress of 800 MPa at 380 ◦C for 1 h, and a-Se (Tg = 30 ◦C) was crept under 
a compressive stress of 30 MPa at 35 ◦C for 5 min. After creep, samples 
were cooled down to room temperature under stress. Then structural 
study was performed on both the as-cast (denoted as a non-deformed 
state) and crept (denoted as a deformed state) samples using synchro-
tron X-ray with the beam energy of 100 keV (λ = 0.12398 Å) at the 
beamline ID-1, Argonne National Laboratory. A two-dimensional (2-D) 
detector having 2048 * 2048 pixels with a 200 * 200 μm2 pixel size was 
used to collect diffraction patterns. The detector was placed ~35 cm 
behind the sample stage. Calibration was performed, using the CeO2 
powder standard. The FIT2D software [19] was used to correct for the 
beam polarization and the dark current. 

To see the structural change induced by viscoelasticity, the differ-
ence of 2-D diffraction patterns between the deformed and non- 
deformed state is plotted in Fig. 1. Compared with the as-cast state, 
diffraction rings of the crept Zr-MG are no longer isotropic since 
diffraction rings are elongated along the Y axis, the loading direction, 
and compressed in the X direction as shown in Fig. 1a. A similar phe-
nomenon was also observed in other MGs after creep or high- 
temperature deformation [4,20]. Distortion of diffraction rings 
observed in the free-standing Zr-MG indicates that some residual elastic 
strain was frozen into the sample after creep. In Fig. 1b, the diffraction 
rings of the crept a-Se are seemingly distorted, too. To further quanti-
tatively analyze the difference in the 2-D diffraction pattern, elastic 
strain was determined with respect to the shift of diffraction peaks [21, 
22], εnth(φ) = (Q0

nth(φ) − Qnth(φ))/Q0
nth(φ), where Q = 4πλsinθ is a 

diffraction vector, nth indexes the diffraction rings, φ indicates the 
angular dependence, and the superscript, 0, refers to the as-cast refer-
ence state. With an accuracy of Δε = ± 0.1%, we obtained ε1st(90∘) = −
0.3% for the crept Zr-MG but ε1st(90∘) = 0% for the crept a-Se. This zero 
elastic strain reveals that the first peak of the crept a-Se does not shift at 
all. Then, one question is raised: what causes the difference in Fig. 1b? 

Then, we examined the one-dimensional diffraction profile, I(Q), of 
the as-cast and crept samples by integration their 2-D diffraction pat-
terns. Fig. 2 presents the diffraction profile of as-cast samples and the 
diffraction profile difference between crept and as-cast samples along 
two φ angles, ΔI(Q, φ). From Fig. 2a, we can see that the positions of 
intensity maxima and minima in ΔI(Q, 0∘) and ΔI(Q, 90∘) are not over-
lapped with the I(Q) of the non-deformed Zr-MG sample. For the crept a- 
Se, the maxima and minima of ΔI(Q,0∘) and ΔI(Q,90∘) are well aligned 
with the peaks of I(Q) (Fig. 2b), indicating that the positions of 
diffraction peaks have negligible change after creep. The feature in 
Fig. 1b essentially is caused by the intensity anisotropy of each 
diffraction rings in I(Q), similar to the diffraction pattern of alloys with 
textures [23]. The Texture in alloys is the preferred distribution of the 
crystallographic orientation of grains [24]. To our knowledge, this 
anisotropic intensity diffraction pattern in the crept a-Se currently is 
firstly observed. 

Both amorphous materials were crept homogeneously without any 
shear localization (e.g., shear bands observed in a metallic glass after 
heterogeneous deformation at room temperature [25]). The elastic 
strain should be recovered immediately when an external stress was 
removed. Therefore, the structural anisotropy in both crept Zr-MG and 
a-Se must be induced by time-dependent viscoelasticity because of the 
kinetical arrest of the recovery of the viscoelastic strain during the 
cooling process [20,26,27]. Apparently, the residual elastic strain in the 
deformed Zr-MG should be stabilized by the local structural change 
associated with viscoelasticity whereas the observed anisotropic in-
tensity in the crept a-Se must be attributed to different types of structural 
changes induced by viscoelasticity. 

To further understand the anisotropy in local structural change 
induced by viscoelasticity, we conducted a spherical harmonic expan-
sion separate the isotropic part of the structure function, S00(Q), and the 
anisotropic part, S02(Q), from the total structure function, S(Q), 

S(Q) =
∑

l,m

Sm
l (Q)Ym

l

(

Q

Q

)

.

Here, Ym
l is spherical harmonics, Q = 4πsinθ/λ the diffraction vector, 

and θ diffraction angle. Then, they are converted to the isotropic pair 
distribution function (PDF), g0

0(r), and the anisotropic PDF, g0
2(r), 

through the spherical Bessel transformation, to study the structural 
change induced by shear stress: 

Fig. 1. Difference of 2-D diffraction pattern between the crept and non-deformed Zr-MG(a) and a-Se(b). The X and Y axes are perpendicular and parallel to the 
loading direction, respectively. 
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gm
l (r) =

il

2π2ρ0

∫

Sm
l (Q)Jl(Qr)Q2dQ,

where ρ0 is the atomic density of MGs, and Jl(x) the spherical Bessel 
function. More details about this procedure can be found in refs 
[26–28]). Note that the isotropic PDF, g0

0(r), reflecting a volume change, 
and anisotropic PDF, g0

2(r), containing the information about the 
shear-induced structural change, from the total PDF. We firstly exam-
ined the volume change of the crept Zr-MG and a-Se samples by 
comparing the g00(r) of the crept sample with the as-cast sample, and 
their difference, Δg0

0(r), is shown in the upper panel of Fig. 3a and b 
together with error from the statistics and instrument. Δg0

0(r) in Fig. 3a 
indicates that the peaks of the g0

0(r) do not shift, but the peak height 

decreases. This characteristic changes in g0
0(r) are typical evidences of 

structural rejuvenation in MGs observed many times before [4,29], 
consistent with the free volume (atomic sites under expansion) and 
anti-free volume concepts (atomic sites under compression) [30]. For 
the a-Se case, Δg00(r), is comparable with the measurement uncertainty, 
indicating no volume change in the crept a-Se. Materials’ volume 
changes when a hydrostatic stress is applied to stretch or compress an 
atomic bond, which causes a typical peak shift in g0

0(r) [14,28,31], but 
our crept samples do not involve net volume change but fluctuation of 
local density. 

Our former study has shown that g0
2(r) is a powerful tool to charac-

terize both the size and density of deformation defects in MGs [5]. For a 
solid under uniform elastic deformation, i.e., affine deformation, g0

2(r) is 

Fig. 2. Integration of 2-D diffraction pattern for the crept Zr-MG(a) and a-Se(b). The difference of I(Q,φ) between crept and non-deformed states, ΔI(Q,φ), along φ =
0◦ and 90◦ is shown in the bottom. The vertical dash-line highlights the position of the diffraction peaks and subpeak. Please add a light background color to beautify 
each figure. 

Fig. 3. The isotropic component,g0
0(r), and anisotropic component, g0

2(r), for the crept Zr-MG(a) and a-Se(b). In the upper panel, a comparison of g0
0(r) between the 

crept and as-cast state is also shown, and their difference amplified ten times is plot against the error from the statistics and instrument. In the lower panel, the g0
2(r) of 

the crept sample is compared with the ideal case of the affine deformation calculated from Eq. (1). 

R. Sheng et al.                                                                                                                                                                                                                                   



Scripta Materialia 223 (2023) 115062

4

proportional to the first derivative of g0
0(r) as 

g0
2(r) = εela

1
̅̅̅

5
√ 2(1 + ν)

3
r

dg0
0(r)
dr

(1)  

where εela is the elastic strain, and ν is the Poisson’s ratio [26,28]. If 
deformation defects in MGs are activated, the local elastic strain is 
relaxed because of local topological rearrangements. Thus, the observed 
g0

2(r) cannot be fitted by a single elastic strain using Eq. (1). The lower 
panel in Fig. 3a presents the fitting in high r range representing the 
elastic behavior in matrix, but the low r range cannot be fitted simul-
taneously. However, the peak shape of the fitting (red dash line in the 
lower panel of Fig. 3a) and measured curves remain the same, and 
smaller elastic strain must be used to fit the measured curve, indicating 
the relaxed elastic strain in localized flow defects. Details about this 
fitting can be found in refs [5,28]. The intensity deviation below a 
characteristic value of ~ 9 Å in the observed g02(r) illustrates that the 
elastic strain is relaxed underneath the third atomic shell, which is the 
average radius of a viscoelastic event or flow defect. The uniform 
long-range elastic strain above 9 Å demonstrates that flow defects are 
confined within an elastic matrix, which can generate a back stress to 
force them to return to their initial configuration. 

Polymer-like a-Se is viscoelastic to a great extent around the glass- 
transition temperature, but the lower panel of Fig. 3b shows that the 
observed g02(r) has a distinct shape and phase from the first derivative of 
g00(r) over the range presenting the clear structural information. Instead, 
the intensity minima of the measured g02(r) match the peaks of g00(r) in 
positions indicating that the bond length of intra-chains does not 
change, and the average distance between inter-chains is also main-
tained. The first peak of the g0

0(r) of the crept a-Se represents the dis-
tribution of intra-chain bond distances [32]. A large intensity change in 
the g02(r) corresponding to the first peak of the g00(r) indicates that the 
intra-chain nearest neighboring atoms make a major contribution to the 
viscoelasticity. Additionally, the second peak (at 3.68 Å) of g0

0(r) in the 
upper panel of Fig. 3b consists of two peaks associated with inter-chain 
and intra-chain atomic distributions, respectively [32]. The nearest 
inter-chain atomic distance locates at the left side of the second peak, 
and the second intra-chain nearest atomic distance locates exactly at the 
maximum of the second peak [32]. Again, the intensity change of the 
second peak of the g0

2(r) confirmed that viscoelasticity in a-Se mainly 
involves the change of the intra-chain Se atoms. Different from the MGs, 
viscoelasticity in the a-Se has no assistance from the residual elastic 
stress to recover its initial state. 

Experimental and MD simulation results [33,34] proved that visco-
elasticity in MGs is associated with bond-orientation anisotropy caused 
by the topological rearrangement in the form of bond cutting and for-
mation. Such a bond switch is an elementary event in amorphous alloys 

[18]. For affine deformation, atomic bonds shrink along the compressive 
loading axis and extend in the perpendicular direction, forming a uni-
form elastic field. However, the local topological rearrangement relaxes 
this uniform elastic field by forming more bonds in the compressive 
direction while cutting some bonds in the perpendicular direction [33], 
as schematically exhibited in Fig. 4a. When such 
topologically-rearranged regions are stored in samples after fast cooling, 
a back stress is generated to balance the elastic stress in the elastic 
matrix. The memory effect from the confinement of the elastic matrix is 
lost if percolation occurs among such topological defects, leading to a 
viscoplastic-flow behavior [3,4,7]. 

Viscoelasticty in polymers is often attributed to the disentanglement 
of polymer chains. Consistently, a MD simulation study of the defor-
mation of an amorphous polyethylene revealed [8] that the energy of 
the non-bonded inter-chain significantly changes the accompanying 
strain-softening behavior. However, this disentanglement process is not 
consistent with the viscoelastic behavior in the crept a-Se. The possible 
reason for the missing of the disentanglement-induced viscoelasticity in 
a-Se may be the short length of Se chains. Besides the non-bonded 
interaction change, MD simulation revealed [8] that the energy 
component associated with the dihedral angular torsion is significantly 
reduced when polymer is under deformation especially at a relatively 
high temperature or low strain rate. Since the average intra- and 
inter-atomic distances do not change at all, it is conceivable that the 
abnormal anisotropic intensity in the crept a-Se is related to bond 
rotation, i.e., the change of the dihedral angle. This 
bond-rotation-induced viscoelasticity can be understood through 
Fig. 4b. Helixlike segments in Se chains are preferred conformations 
with low energy [35]. When a-Se is under shear, helixlike segments 
become to ringlike conformations [35] simply by the change of the 
dihedral angle, as illustrated in the Fig. 4b. Note that the bond angle 
remains unchanged. Otherwise, the second intra-chain nearest atomic 
distance would change. As a consequence of this conformation rear-
rangement, more bonds are perpendicular to the loading axis, different 
from the Zr-MG case involving the topological rearrangement. The 
conformation change in amorphous Se arises from the rotational degree 
of freedom around the single chemical bonds connecting the backbone 
atoms while the topological rearrangements involve bond break and 
formation. Therefore, the anisotropic distribution of the Se-Se bonds in 
space caused the unique intensity anisotropic diffraction pattern, as 
shown in Fig. 1b. The MD simulation has shown that ringlike segments 
are rare in the a-Se because of the steric hindrance effect [35]. Distinct 
from the confined flow defects in Zr-MG, structure change induced by 
viscoelasticity does not produce back stress. The structure change, 
instead, in a-Se is purely conformation change. Conformational entropy 
is the entropy associated with the number of conformations of a-Se chain 
structure. After the creep, the number of conformations is reduced 

Fig. 4. An illustration of structural change associated with viscoelasticity in the MGs (a) and a-Se (b) under thermal creep. The dash-dot circle indicates the first and 
second atomic shells. The red rhombus highlights the elementary bond-switch unit in the viscoelastic deformation of MGs. 
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because the external load drives the a-Se to form ringlike conformation, 
as illustrated in Fig. 4b. Therefore, the recovery of viscoelasticity in the 
crept a-Se is entirely driven by entropy increase, distinct from the back 
stress-driven recovery in MGs. 

The free-volume model originally developed for polymers is 
extended to MGs without considering the structural identity of free- 
volume defects in MGs. Similar to the polymer case, the individual 
chains in a-Se sufficiently separate to leave an abundant free volume of 
monomeric size in between chains, but the free volume in MGs is much 
smaller than an atomic size because of their densely packed structures. 
Here, thermal creep introduces structural rejuvenation into the Zr-MG 
by widening the distribution of atomic distances, rather than simply 
increasing the atomic distance expected from the free-volume model. It 
was shown that the height and width of the peaks of g0

0(r) are associated 
with the atomic pressure fluctuation, <P2>, (equivalent to the density 
fluctuation [36]) in MGs [37]. From the perspective of energy, atomic 
sites under compression (an anti-free volume) or expansion (a free 
volume) are both unstable, acting as potential structural defects. 
Apparently, the increase of the density fluctuation observed in the crept 
Zr-MG results from the creation of both the anti-free volume and free 
volume. The opposite is true when MGs are annealed [38–40]. 
Annealing essentially causes a combination of the anti-free volume and 
free volume, which cancels out the net volume change of MGs. In fact, 
the MGs’ volume change induced by annealing is negligible, less than 
0.2% [10–12], which may be related to the anharmonicity of the po-
tential. But MGs’ ductility can degrade dramatically after annealing, 
exhibiting a ductile-to-brittle transition [40]. 

In summary, viscoelasticity in both Zr-MG and a-Se is associated with 
the bond-orientation anisotropy, but its corresponding structural change 
and consequence are dramatically different because of these two ma-
terials’ unique structural units. Also, our study clearly pointed out that 
the definition of free-volume defects varies from MGs to amorphous 
nonmetallic materials, at least a-Se, and is closely related to the packing 
density of individual structural units. The difference of the structural 
change in these two materials causes the divergence of the recovery 
effect of viscoelasticity: the memory effect in a-Se is driven by the en-
tropy whereas the viscoelasticity in MGs is recovered by the elastic field. 
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