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A B S T R A C T   

Deformation behaviour of multicomponent metallic glasses are determined by the evolution/reconfiguration of 
the short- and medium-range order (SRO and MRO) atomic structures. A precise understanding of how different 
atom species rearrange themselves in different stress states is still a great challenge in materials science and 
engineering. Here, we report a systematic and synergetic research of using electron microscopy imaging, syn-
chrotron X-ray total scattering plus empirical potential structure refinement (EPSR) modelling to study in situ the 
deformation of a Zr-based multicomponent metallic glassy alloy with 5 elements. Systematic and comprehensive 
analyses on the characteristics of the SRO and MRO structures in 3D and the decoupled 15 partial PDFs at each 
stress level reveal quantitatively how the SRO and MRO structures evolve or reconfigure in 3D space in the 
tensile and compressive stress states. The results show that the Zr-centred atom clusters have low degree of 
icosahedra and are the preferred atom clusters to rearrange themselves under the tensile and compressive 
stresses. The Zr-Zr is the dominant atom pair in controlling the shear band’s initiation and propagation. The 
evolution and reconfiguration of the MRO clusters under different stress states are realised by changing the 
connection modes between the Zr-centred atom clusters. The coordinated changes of both bond angles and bond 
lengths of the Zr-centred clusters are the dominant factors in accommodating the tensile or compressive strains. 
While other solute-centred MRO clusters only play minor roles in the atomic structure reconfiguration/evolution. 
The research has demonstrated a synergetic and multimodal materials operando characterization methodology 
that has great application potential in design and development of high performance multiple-component engi-
neering alloys.   

1. Introduction 

Most crystalline and amorphous metallic alloys are multicomponent 
systems of more than three elements [1–4]. For crystalline alloy systems, 
multiple elements are needed to enable solute/precipitation strength-
ening, grain/phase boundary strengthening, or combination of these [5, 
6]. While for amorphous alloys or high-entropy alloy systems, multiple 
elements are mainly for enhancing either glass-forming ability or phase 
stability to achieve the designed mechanical or functional properties, i. 
e., strength, ductility, corrosion resistance, electronic and magnetic 

properties, etc. [7,8]. Quantitative description of the role of different 
atom species in the formation of different atomic/nano/micrometre 
structures and their effects on properties is still a great challenge in 
physical and materials science [9,10]. Currently, one of the most 
important research directions is to study and quantify the deformation 
and strengthening mechanisms of multicomponent amorphous or 
high-entropy alloy systems [11,12]. In this regard, high resolution 
scanning electron/transmission microscopy (SEM/TEM) equipped with 
high precision nano/micromechanical test rigs have been developed for 
imaging in situ the tensile/compression, bending/shearing and fatigue 
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deformation of multicomponent alloys [13–17]. Such advanced in-
struments and real-space imaging methods have provided very rich 
real-time collected image data and new insights into the strengthening 
and deformation mechanisms of numerous multicomponent systems. 
For example, Cao et al. [18] studied in situ the link between tensile 
property and the pre-existing shear bands in a Zr-based metallic glass 
(MG) inside an SEM, and found that the properly spaced pre-existing 
shear bands lead to higher tensile plastic strain. Chen et al. [19] con-
ducted in situ compression of MG micropillars and revealed that, in 
large-size pillars, the deformation is controlled by shear band nucle-
ation. While, in small-size pillars, it is controlled by shear band propa-
gation. The researchers in Mi’s group have also carried out extensively in 
situ studies on the deformation behaviour of MGs and MG matrix com-
posite as reported in [20–22]. However these real space imaging 
methods (unless the imaged features can be utilised in image correlation 
analysis) often have inherent difficulties in providing the local stress/-
strain information associated with the deformed local structure features, 
e.g., around a shear band or an initiated crack as reported in [13–17]. It 
is virtually impossible, by using the imaging methods alone, to establish 
a quantitative link between the localized stress/strain field and the 
resulting atomic structure change in 3D space. 

Poulsen et al. [23] have demonstrated that, using synchrotron X-ray 
total scattering (SXTS) method, the local atomic strain distribution of a 
tertiary amorphous alloy (Mg60Cu30Y10) can be measured and quanti-
fied. Since then, this method has been used in a number of research to 
study atomic strains and stresses in MG under different load conditions 
[24–26]. For example, Shahabi et al. [24] tested in situ a plastically 
deformable Zr-based MG using SXTS. They found that, in the elastic 
regime and within the short range ordered (SRO) and medium range 
ordered (MRO) atomic structures, the atomic strains vary linearly with 
the applied macroscopic stresses. In the SRO structure, the atomic bonds 
were significantly stiffer than those in the MRO structures. Wang et al. 
[25] reported a dual-step atomic strain variation in a laser-shock-peened 
MG during an in situ SXTS experiment. So far, most SXTS studies have 
demonstrated that, in the SRO and MRO structures, local structure 
heterogeneity does exist [27–29], although in the long-range atomic 
distance MGs are often viewed as homogeneous materials. In a 
multiple-component system, the SRO structures are often characterized 
by the solute-centred atomic configuration. While the MRO structures 
can be constructed by linking or packing together the SRO structures 
[30,31]. During deformation, the SRO and MRO clusters or the different 
atom pairs in those clusters may respond differently to the external 
stresses. For example, Mattern et al. [32] measured the anisotropic re-
sponses of atomic structure in a Zr-Cu MG under uniaxial tension. They 
found that majority of the Zr-Zr pairs are reoriented towards the lon-
gitudinal direction, while at the same time, majority of the Cu-Zr pairs 
are reoriented towards the transverse direction. Liu et al. [33] studied 
atomic evolution of the MRO clusters in a Pd82Si18 binary MG under 
bending. They found that, in the tensile region, the connection of MRO 
clusters change from 2-atom sharing to 3-atom sharing configuration. 
While, in the compressive region, the changes occur in the opposite way. 
Until now, atomic evolutions in binary MG systems during deformation 
have been widely reported. However, there are very limited studies 
concerning any multicomponent MG system. How exactly the different 
atom species rearrange themselves in a 3D space to accommodate the 
local stresses/strains or to initiate shear bands has not been seen re-
ported. The difficulty lies at how to construct accurate 3D atom models 
that agree with the measured total scattering data obtained at different 
load conditions, which is the basis for interrogating the relevant partial 
atomic pairs’ movement at different stress conditions. 

Recently, we have demonstrated that the Empirical Potential Struc-
ture Refinement (EPSR) method [34,35] is a very 
computationally-efficient method for constructing such a 3D model 
containing tens of thousands of atoms. Then, the partial distribution 
function for each atomic pair in a disordered alloy system can be sys-
tematically analysed [36–40]. Here, we report a well-executed 

complementary research of combining in situ SEM imaging and real-time 
SXTS together to study the stress-induced atom structure evolution/re-
configuration and the effect on shear band initiation in a commercial 
multicomponent Zr-based MG, Zr41.2Ti13.8Cu12.5Ni10Be22.5. This alloy 
was chosen as the experimental alloy because it is the first commercially 
successful bulk MG with wider engineering applications [41] and 
several variants have been developed based on its composition [42]. 
Real-space images collected in situ inside an SEM allow us to “see” the 
onset and propagation of shear bands. Based on the X-ray total scattering 
data collected in the identical condition by SXTS experiment, we then 
used the EPSR method to model and reconstruct the 3D atomic struc-
tures at each measured stress step. Such rich and complementary 
real-time information allow us to understand fully how different atom 
pairs move, coordinate and rearrange themselves in 3D space in order to 
accommodate the tensile or compressive stress/strains, and which 
atomic pair is dominant in initiating shear bands. This research has 
demonstrated a powerful synergetic research methodology by effec-
tively combining the complementary electron micrscopy and synchrtron 
X-ray technique together to realise, in operando conditions, multimodal 
and cross-length scale studies of materials. Such methodology can be 
explored widely in engineering materials with sample dimension from 
millimetre to centimetre range which are more representative than the 
micrometre or nanometre thin foil samples often used in the TEM 
observation or the FIB machined micro-pillar or micro-cantilever sam-
ples. It has wide applicaitons in accelerating the design, characterization 
and optimisation of new and existing multiple-component alloys from 
atomic level onwords. 

2. Experimental methods 

2.1. Alloy and samples 

The alloy used in this study (Zr41.2Ti13.8Cu12.5Ni10Be22.5) was made 
by melting pure Zr, Ti, Cu, Ni and Be elemental button ingots (each with 
purity >99.9 %, and weight ratio according to the designed composi-
tion) in an arc remelting furnace with Ti-gettered argon atmosphere 
[21]. The button ingots were electrical-discharging machined into 
dog-bone shaped tensile microtest samples with a notch in the middle 
along one edge of the gauge length (see Fig. 1a). The details of alloy and 
sample making are described in the Supplementary Materials (section 
1.1). 

2.2. In situ micromechanical tensile test inside SEM 

The micromechanical tensile tests were carried out using a Deben 
2000 Microtest with 2 kN load cell inside a Zeiss Evo 60 environmental 
SEM operated at 20 kV. The SEM is housed at the Electron Microscopy 
Centre of the Faculty of Science and Engineering, University of Hull. The 
recorded load-displacement curve is shown in Fig. 1b (the black line) 
(see section 1.2 of the Supplementary Materials). The fracture strength 
and strain are ~2032 MPa and ~2.4 % respectively (Fig. 1b), close to the 
reported tensile strength (1.9 GPa) and strain (2.0 %) [42] for this type 
of alloy. The fitted tensile stress-strain relationship based on the data 
indicated by the green squares shows a linear relationship and it is in the 
elastic region (the green line in Fig. 1b). 

2.3. In situ SXTS experiments 

The SXTS experiments were carried out at the Joint Engineering, 
Environmental and Processing beamline (I12) of Diamond Light Source 
(DLS) [43]. The identical tensile load conditions were applied using the 
same Deben 2000 Microtest. However, the dog-bone sample clamp 
arrangement was modified to avoid any blocking of the diffracted X-rays 
onto the detector as illustrated in Fig. S1 of the Supplementary Mate-
rials. The schematic experimental setup is shown in Fig. S1 in the Sup-
plementary Materials (section 1.3). The load-displacement curve 
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recorded by the microtester (the red curve in Fig. 1b) has very similar 
slope compared to the one recorded in the SEM case (the black curve in 
Fig. 1b). The sample fractured at ~1968 MPa, about 3 % lower than that 
in the SEM case (2032 MPa), well within the measurement error range. 

2.4. Data processing 

To calculate the strain anisotropy in different azimuthal angle re-
gions, each SXTS pattern was divided into 36 sectors. Each with 10◦ and 
its angle centre partitioning line represents the sector direction. Then 
integration was made in the 10◦ sector to produce the corresponding I(Q, 

Fig. 1. The sample geometry and the stress-strain curves obtained in the in situ tensile tests. (a) A CAD drawing, showing the dog-bone shaped sample and dimension 
(23.72 mm long, 1.5 mm wide and 0.5 mm thick) with an SEM image inset, showing the semi-circular notch (250 µm in diameter) machined at the middle of the top 
edge of the gauge length. Nine squares (each of 250 × 250 µm2) marked by P1, P2, …, P9 below the notch are the areas where SXTS patterns were collected. P2 is 125 
µm below the notch. Two micro-indentations (pointed by the two black arrows and also enlarged on the insert) were also made at a distance of 2255 µm apart as 
markers for measuring in situ the sample extension at different load steps. (b) The load-displacement curves recorded by the Deben 2000 microtester inside the SEM 
(the black line) and in the SXTS experiment (the red line). The blue star markers show the load levels where the SXTS patterns were collected, and green square 
markers show the extensions between the two micro-indentation markers and the calculated strains. The green line is the fitted stress-strain relationship based on the 
data from the green square markers. The purple arrows point the stresses showed on the SEM images of Fig. 3. 

S. Luo et al.                                                                                                                                                                                                                                      



Acta Materialia 272 (2024) 119917

4

φ) or I(2θ, φ) spectra for that sector. For example, for the φ = 0◦ direc-
tion, the integration was made from − 5◦ to 5◦. For the φ = 180◦ di-
rection, it was integrated from 175◦ to 185◦ (see the red lines in Fig. 2a). 
The integrations were made using DAWN 2.11 [44]. Then the structure 
factor, F(Q, φ), and the reduced PDF, G(r, φ), were calculated using the 
GudrunX [45]. The procedures for data processing are detailed in sec-
tion 1.4 of the Supplementary Materials. 

2.5. EPSR modelling 

The EPSR method (version 25) [35] was used to simulate and 

reconstruct the 3D atomic model as well as extract the partial atomic 
pair information from the reduced PDFs. The detailed procedures are as 
below. Firstly, a total of 5000 atoms (Zr: 2060 atoms, Ti: 690 atoms, Cu: 
625 atoms, Ni: 500 atoms, and Be: 1125 atoms) were chosen in a 
simulation box with the edge length of 43.40 Å. Secondly, the F(Q), 
calculated by GudrunX was input into the model, and the weight factors 
were calculated accordingly (see section 1.4 of the Supplementary Ma-
terials). Thirdly, the EPSR input files with the default settings was 
created based on the five atom species, simulation box size and weight 
factors. Tests show that the default settings of the EPSR model works 
well for the simulations in this research. The periodic boundary 

Fig. 2. Partition of the different azimuthal angle regions in a typical 2D total scattering pattern, and the F(Q) and G(r) for the EPSR modelling. (a) A typical 2D total 
scattering pattern and four azimuthal angular regions (sectors) along the direction of φ = 0◦ (tensile stress), φ = 60◦ (zero stress), φ = 90◦ (compressive stress) and φ 
= 180◦ (tensile stress) respectively; (b) and (c) the F(Q) and G(r) without empirical potential (EP) applied. (d) and (e) the F(Q) and G(r) with the EP applied. Note that 
the scattering data used in Fig. 2(b-e) was integrated along both φ = 0◦ and φ = 180◦ direction and then averaged. 
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condition was applied in the structure model. 
A Lennard-Jones type reference potential with the parameters [35] 

listed in Table S2 was used first to drive the movement of the atoms (i.e., 
without applying the empirical potential). Fig. 2b and c show that, when 
only the reference potential was used, there were large discrepancies 
between the simulated F(Q), G(r) and the measured F(Q), G(r). A sys-
tematic test and optimisation indicated that, when an empirical poten-
tial (9 kJ/mol) was introduced in the model, the simulated F(Q) agreed 
well with the measured one (compared Fig. 2b with d), except in the 
Q-range below 1 Å− 1 (Fig. 2d). This is due to two issues. First, it is very 
difficult to obtain accurate scattering data in the large scattering angle 
range [46]. Second, it may be due to the finite size of the simulation box 
[47]. The simulated G(r) also matched the experimental data very well 
(see Fig. 2e). To compare the simulated F(Q)s and G(r)s in other stress 
states, Fig. S2 show all the simulation results in three stress states at 
different stress levels. For comparison, the experimentally measured 
ones were also plotted. For this 5-element amorphous alloy, our research 
demonstrated that the EPSR modelling is able to produce the simulation 
results that match the measured total scattering data perfectly. From the 
simulated 3D atomic structures, the 15 partial PDFs (see the example in 
Fig. S3 of the Supplementary Materials), bond angle distributions were 
extracted for further analyses. To calculate the bond angle distributions 
of linkages, the distances of each atomic pair used in this work are listed 
in Table S3, which are the upper limits of the bond length of each atomic 
pair in the 1st atomic shell. The EPSR simulation was performed using 
one of the dedicated computing nodes (2 × 14-core Broadwell 
E5–2680v4 processors (2.4 - 3.3 GHz), 128 GB DDR4 RAM) of University 
of Hull supercomputing cluster, Viper. It normally takes approximately 
6 h computing time (~2000 iterations) to complete a typical simulation 
with a satisfactory R-factor (an indication of the difference between the 
simulated and the experimental F(Q)) of 10− 3. To ensure reproducibility 
and increase statistics, the EPSR simulation was repeated 3 times for 
each SXTS pattern of the sample acquired at each stress level. The results 
presented in this paper are the averaged results of those simulations. 

3. Results 

3.1. Results of in situ SEM imaging study 

The initiation and subsequent propagation of shear bands of the Zr- 
based MG dog-bone samples were observed in situ by SEM (Fig. 3, see 
Video 1 and Video 2 for the dynamic information more clearly). The 
corresponding tensile stresses are plotted in Fig. 1b (marked by the 
purple arrows). There were two small pre-existing cracks at the notch 
edge due to electric discharging machining (Fig. 3a1), and such cracks 
were able to facilitate the initiation of shear bands due to their addi-
tional stress concentration effect on top of that generated by the semi- 
circular notch. 

When the tensile stress was increased to 699 MPa, very fine shear 
bands were observed at the tips of the pre-existing cracks (the inset in 
Fig. 3a2). When the tensile stress reached 1263 MPa (Fig. 3a3), a 
number of shear bands grew up to 20 ~ 30 µm long. When the tensile 
stress reached 1549 MPa, the length of shear bands increased remark-
ably, especially near the right crack (about 100 µm). The shear bands 
opened up to become cracks (Fig. 3a4). The growth direction of most 
shear bands was perpendicular to the tensile loading direction. On a 
further increment of the tensile stress to 1585 MPa, a shear band pointed 
by A (Figs. 3a and 5) grew much faster than the other shear bands and 
propagated into the square region marked by P2 (Figs. 5 and 3a), indi-
cating that the shear band arrived at P2 at around 1585 MPa. 

Most shear bands propagated through P2, while just one shear band 
was seen to touch on the left edge of P3 (see Video 1). Hence, we focused 
on studying the shear bands passing through P2 as shown in Fig. 3. Three 
other shear bands marked by B, C, and D respectively propagated into P2 
when the tensile stress reached 1676 MPa (Fig. 3a7, a8). Upon further 
increasing the tensile stress to 1829 MPa and 1991 MPa (Fig. 3a9–a12), 
the shear bands passing through P2 gradually developed into full- 
fledged cracks. Finally, those cracks propagated through P2, and frac-
tured the sample at 2032 MPa (Fig. 1b). Video 1 and 2 show more clearly 

Fig. 3. The initiation and propagation of shear bands observed in situ by SEM. a1–a5, a7, a9 and a11 are the SEM images near the notch of the dog-bone sample 
captured at tensile stresses of 0, 699, 1263, 1549, 1585, 1676, 1829 and 1991 MPa, respectively, showing the initiation and propagation of shear bands under 
different tensile stresses. a6, a8, a10 and a12 are the enlarged images of shear bands/cracks at location P2 in (a5), (a7), (a9) and (a11) respectively, highlighting the 
propagation of shear bands and the formation of full-fledged cracks in the region of interest, i.e., P2. See Video 1 and Video 2 for the dynamic information more 
clearly. Note: the stresses are applied along the horizontal direction. 
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the dynamic propagation behavior of these shear bands. 

3.2. Results of in situ SXTS study 

The SXTS patterns were collected at nine square locations (marked 
by P1-P9 in Fig. 1a insert). Because most shear bands propagated 
through P2 (see Video 1 and Video 2), only the data collected at location 

P2 are reported in this paper. 
For each 2D SXTS pattern obtained at each stress step, the strain in 

each of the 10◦ sectors of that pattern was calculated based on the po-
sition shifts of the 1st peak of the I(Q) curves (see Section 2.1 of the 
Supplementary Materials). The peak positions were found and deter-
mined by Gaussian fitting of the I(Q) curves. The calculated strain 
contour maps are presented in Fig. S4a. It clearly shows that, in the 
angular range of 0◦ < φ < 60◦ and 120◦ < φ < 180◦, positive strains were 
developed as the applied stress increased, while along φ = 60◦ and φ =
120◦ directions, the strains were approximately zero. In the φ range of 
60◦ < φ < 120◦, negative strains were developed with the increase of the 
applied stress. Hence, the maximum positive strain (i.e., maximum 
tensile stress) was along φ = 0◦ direction (the longitudinal direction); 
while the maximum negative strain (i.e., maximum compressive stress) 
was along φ = 90◦ direction (the transverse direction). Stress-free state 
existed along φ = 60◦ and φ = 120◦ directions, as marked by the two 
black lines in Fig. 2a. Fig. S5 also shows the I(Q) curves along φ = 0◦, 60◦

and 90◦ direction respectively. The 1st peak position shifted towards the 
low Q value along φ = 0◦ direction (see the inset in Fig. S5a), but moved 
towards the high Q value along φ = 90◦ direction (see the inset in 
Fig. S5c). While the 1st peak position remained unchanged along φ =
60◦ direction (see the inset in Fig. S5b). Based on each I(Q), the PDFs 
were calculated and shown in Fig. 4. Clearly, the 1st peak position of G 
(r)s shifted towards the higher r along φ = 0◦, but lower r along 90◦

direction (inset in Fig. 4a, c), while no changes along φ = 60◦ direction 
(inset in Fig. 4b). The position shifts of the 1st, 2nd, and 3rd peaks of the 
PDFs at each stress step were also used to calculate the atomic shell 
strains in real space (see Section 2.1 of the Supplementary Materials). 

Fig. 4. The G(r)s in different angular sectors at different levels of tensile stresses. (a) along φ = 0◦, (b) φ = 60◦, and (c) φ = 90◦ direction respectively. The G(r)s are 
stacked together with an equal offset spacing of 0.1 in y axis; only data for the range of 2 Å < r < 8.5 Å are shown here to highlight the position shifts of the 1st, 2nd 
and 3rd peaks. The dashed lines mark the peak positions of the unstressed sample. 

Fig. 5. The atomic strains calculated from the peak shifts of the 1st atomic shell 
in G(r) and gZr-Zr(r)s along φ = 0◦, φ = 60◦ and (c) φ = 90◦ direction 
respectively. 
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Fig. S4b-d shows the calculated atomic strains contour maps for the 1st, 
2nd, and 3rd atomic shells. Apparently, they exhibited the same char-
acteristics as those calculated from the I(Q) curves, i.e., the deformation 
anisotropy exists in different φ angels. 

Fig. 5 shows the strains calculated from the 1st peaks of G(r)s along φ 
= 0◦, 60◦ and 90◦ directions respectively. For comparison, the strains 
calculated from the 1st peak shift of the gZr-Zr(r)s (the partial PDFs 
extracted from the EPSR modelling results as explained below) are also 
plotted in Fig. 5. Interestingly, the atomic shell strains calculated by the 
two methods are almost identical under the same applied stresses. 

3.3. Results of the EPSR modelling 

3.3.1. Partial PDFs of the 15 atomic pairs and their evolutions with 
different stresses 

At each applied stress, the EPSR modelling was executed to obtain 
the G(r) that matched the total scattering data and then reconstruct the 
3D atomic structures. The results of the ab initio molecular dynamics 
calculations from [48] were also referenced here for comparison with 
the EPSR results (see Section 2.2 in the Supplementary Materials and 
Table S4). Fig. 6a shows, at zero stress, the 3D atom structures modelled 
by the EPSR (5000 atoms). Video 3 illustrates more vividly the 3D atom 
configurations when zooming into a small volume showing the Zr-Zr 
bonds and the surrounding atoms, as well as the typical SROs, MROs 
and superclusters. 

To show more clearly the Zr-Zr bonds and the surrounding solute 

Fig. 6. The 3D atomic structure of the Zr-based multicomponent MG extracted from the EPSR simulation results. (a) All atoms in the box are at zero stress along φ =
0◦ direction; (b) A typical small volume within the simulaiton box, showing the Zr-Zr bonds and the surrounding atoms; (c-g) Typical SRO structures with the Zr, Ti, 
Cu, Ni and Be as the centre-reference atom respectively; (h–k) Typical MRO structures formed by sharing 1, 2, 3 and 4 atoms respectively (only the Zr-centred clusters 
are presented here); (l) A supercluster formed by connecting the Zr-centred, Ti-centred, Cu-centred, Ni-centred and Be-centred SRO clusters; (m) Another supercluster 
formed by different connection modes of Zr-centred SROs with the shared atoms highlighted by shadows. Video 3 shows, in 3D, more vividly the SROs, MROs and the 
superclusters formed by connecting the SROs and MROs via different connection modes. 
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atoms, Fig. 6b shows a small volume with the edge length of 6 Å and only 
the bonds of Zr-Zr pairs are presented. From the EPSR model, for any 
arbitrary reference atom, its nearest neighbour atoms (i.e., the 1st co-
ordination shell atoms) can be extracted as shown in Fig. 6c–g when 
using the Zr, Ti, Cu, Ni and Be as the centre-reference atom. These 1st 
coordination shell atom clusters are the building blocks for constructing 
the MRO structures via different linkages as clearly indicated in 
Fig. 6h–k. Furthermore, Fig. 6l and m illustrate respectively two typical 
super atomic clusters which are built by grouping these SRO structures 
in a more complicated way. Readers are recommended to view Video 3 
so as to appriciate more deeply the 3D strucutres of the SROs, MROs and 
the superclusters formed by connecting the SROs and MROs via different 
connection modes. 

The partial PDF and bond length of any atomic pair at each stress step 
were also extracted from the 3D model. Fig. 7 shows the extracted 
partial PDFs of gZr-Zr(r)s along φ = 0◦, 60◦ and 90◦ directions respec-
tively. The peak positions shifted toward higher r along φ = 0◦ direction 
and lower r along φ = 90◦ direction (see the inset in Fig. 7a and c). While 
no obvious change of the peak positions along φ = 60◦ direction (the 
inset in Fig. 7b). Fig. 8a and b show the bond length of the 15 partial 
PDFs and their relative changes along φ = 0◦ direction respectively (see 
Fig. S6a and S6b for the bond length data along the φ = 60◦ and 90◦

direction as well). Fig. 8b shows that, the bond length of the Zr-Zr atomic 
pair increased linearly with the increase of tensile stress (a total of 

~1.24 %). It reached its theoretical value of 3.16 Å [49] at ~1113 MPa 
(see the inset in Fig. 8a). Bond lengths of the Zr-Cu, Zr-Ni, Zr-Ti pairs 
remained relatively unchanged. While that of the other 11 atomic pairs 
decreased in the range of − 0.38 % – − 0.66 % (Fig. 8b). By contrast, 
along φ = 90◦ direction (see Fig. 8d and Fig. S6b), only bond length of 
the Zr-Zr pair decreased monotonously (− 0.49 %), those of other pairs 
remained unchanged (Fig. 8d) or just slightly changed. Along φ = 60◦

direction, the bond lengths of all pairs remained unchanged (see Fig. S6a 
and Fig. 8c). Along three azimuthal angle directions, the strains obtained 
from the shift of the 1st peak position of G(r)s were almost identical to 
the relative change in bond length of the Zr-Zr pair (Fig. 5). 

3.3.2. Bond angle distributions and their evolutions with different stresses 
Fig. 9a and b show the typical bond angle distributions of Zr-Be-Zr 

linkage at different stresses along φ = 0◦ and φ = 90◦ direction 
respectively. As the tensile stress increased, the peak positions of Zr-Be- 
Zr linkage increased monotonously along φ = 0◦ direction, while those 
decreased gradually along φ = 90◦ direction. The similar trends were 
observed in the Zr-S-Zr linkages (S denotes the solute atoms, i.e., Ti, Cu, 
Ni and Be, see Fig. S7 and Fig. S8). Fig. 9c and d show the bond angle 
distribution of Be-Zr-Be linkage, and its peak positions moved towards 
lower angle along φ = 0◦ direction, but towards higher angle along φ =
90◦ direction. The peak positions of Ti-Zr-Ti, Cu-Zr-Cu and Ni-Zr-Ni 
linkages show the similar trend as that of Be-Zr-Be linkage (see Fig. S9 

Fig. 7. The gZr-Zr(r)s extracted in different azimuthal angles exrected from the EPSR models at different stress levels. (a) along φ = 0◦, (b) φ = 60◦, and (c) φ = 90◦

direction respectively. 
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and Fig. S10). Fig. 9e shows the relative shift of the 1st peak in the 
different Zr-S-Zr and S-Zr-S linkages. The 1st peak positions of the Zr-S- 
Zr linkage increased almost linearly with stress increasing. The Zr-Be-Zr 
linkage showed the highest percentage of increasing (~1.71 %), while 
the Zr-Cu-Zr linkage was the lowest in percentage of increasing. Both Zr- 
Ti-Zr and Zr-Ni-Zr linkages showed similar and moderate percentage 
increase (Fig. 9e). To understand how other four solute atoms maneuver 
around the Zr atom under an increased stress, the relative changes in 
bond angles of the S-Zr-S linkages along φ = 0◦ direction versus stress 
are also plotted in Fig. 9e. Clearly, not only the bond lengths of these 
atomic pairs (i.e., Ti-Ti, Cu-Cu, Ni-Ni and Be-Be showed in Fig. 8a, b) 
decreased, but all their bond angles (Ti-Zr-Ti, Cu-Zr-Cu, Ni-Zr-Ni, Be-Zr- 
Be) decreased monotonously as the stress increased. The percentage of 
decrease was in the range of 0.71 %–2.19 %. By contrast, there was an 
opposite trend in the bond angle of different linkages along φ = 90◦

direction (Fig. 9g), i.e., peak positions of the Zr-S pairs decreased and 
those of S-Zr-S linkages increased linearly. For the sample along φ = 60◦

direction (Fig. 9f), the bond angles of all linkages slightly oscillated 
around zero. The similar trends were also found for the 2nd peak posi-
tion (not shown here). To further understand how the solute atoms move 
in response to the increased stress, the percentage of changes in bond 
angles between solute only atoms (S-S’-S, i.e., the Zr atom is excluded) 
are plotted in Fig. S11. Interestingly, the general trends are quite 
random along all three directions. 

3.3.3. Voronoi tessellation analysis and bond-orientational order 
Fig. S12a shows that, along φ = 0◦ direction, as the applied stress 

increases from 0 MPa to 1821 MPa, the average CN for the Zr atom 
increased monotonously by 1.3 % from 13.35 to 13.53. However, the CN 
for all other atoms did not show any clear trend. Along φ = 90◦ direction 
(Fig. S12c), the trends for CNs are in opposite direction, i.e., CN for the 
Zr atom decreases from 13.35 at 0 MPa to 13.26 at 1821 MPa (decreased 
by 0.7 %). Again, the CNs for the other atoms remains unchanged 
(Fig. S12c). Apparently, along φ = 60◦ direction, there is no obvious 
change for all CNs (Fig. S12b). Fig. S12d–f shows the changes of Ŵ6 
versus the applied stress along the three directions (see Section 2.3 of 
Supplementary Materials). Clearly, the ̂W6 of Zr is the highest and in the 
range of − 0.03348 to − 0.0319. It has been reported that the Ŵ6 for the 
icosahedral-type atom clusters with the CN of 12 is − 0.170 [50,51]. 
Further, the CN for the Zr atom is over 13 and therefore, the Zr-centred 
clusters have a lower degree of icosahedra, often called “fragmented 
polyhedra” [52]. While the CNs for other solute atoms (S-centred clus-
ters) are around 12 and the their Ŵ6 values are approaching to those of 
the icosahedral-type atom clusters, indicating that S-centred clusters can 
be considered as “icosahedral-like clusters” with a higher degree of 
icosahedra [52]. The typical supercluster formed by linking together the 
(Zr, Ti, Cu, Ni, Be)-centred clusters support this argument (see Fig. 6l). 

3.3.4. MRO structures and their connection modes 
MRO structures are those beyond the 1st atomic shell (i.e., beyond 

the 1st peak of g(r)) and they can be viewed as being constructed by 
connecting the SRO structures via 4 different connection modes (see 
Fig. 6h-k, by sharing 1, 2, 3 or 4 atoms [53–55]). As indicated in Figs. 8, 

Fig. 8. (a) Changes of bond length of all 15 atom pairs versus stress along φ = 0◦ direction, and the relative change along (b) φ = 0◦, (c) φ = 60◦ and (d) φ = 90◦

direction respectively. 
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9 and S12, the Zr-centred clusters played the dominant role in atom 
evolution during deformation. Hence, we focused on interrogating the 
Zr-centred clusters further. 

Fig. 6m shows an example of an MRO cluster consisting of all 4 
connection modes. Fig. 10a–d show percentage changes of the 4 
connection modes versus stress along the three directions respectively. 
Clearly, along φ = 0◦ direction, the 1-atom-sharing connection 
decreased monotonously versus stress. The 2-atom-sharing connection 
and 3-atom-sharing connection increased gradually, while the 4-atom- 
sharing connection showed a bit less increasing (see the black lines in 
Fig. 10a–d). By contrast, along φ = 90◦ direction, the 1-atom-sharing 
connection increased slightly and the 4-atom-sharing connection 
decreased rapidly with stress. While 2-atom-sharing and 3-atom-sharing 
connection remained virtually unchanged (see the green lines in 
Fig. 10a-d). There are no changes along φ = 60◦ direction for all 
connections. 

4. Discussion 

4.1. The advantage of the EPSR versus other methods for modelling and 
reconstructing 3D atomic structures for disordered alloy systems 

For any multicomponent alloy, it is essential to obtain the partial 
PDFs of each atomic pair in order to understand precisely how different 

atoms rearrange themselves to coordinate the deformation. Currently, 
first-principle density functional theory (DFT) and ab initio molecular 
dynamics (AIMD) methods [56,57] are used to calculate the atomic 
configuration of binary or ternary metallic glasses or high-entropy al-
loys. However, the DFT method is difficult to deal with a system con-
taining five or more elements, and AIMD method is limited to small 
systems (normally a few hundred atoms) and a short period of time 
(~10–100 ps) [58]. Furthermore, although classical Gaussian fitting 
technique [59] and reverse Monte Carlo fitting method [60] are often 
used to decouple the partial PDFs with large systems (several thousand 
atoms), the two methods do not have the physical meaning [61] and 
always run into difficulties when attempt to decouple all partial PDFs in 
multicomponent alloys. In this work, the EPSR method was used to 
compute and decouple all 15 partial PDFs in this 5-element metallic 
glass based on the experimentally collected SXTS data. It has been 
proven as a computationally efficient method for simulating disordered 
systems of many thousands of atoms [36–40]. In EPSR modelling, the 
Lennard-Jones potentials plus Coulomb charge interactions act as a 
starting reference potential, which captures the fact that atoms are not 
hard spheres and can be squashed up against each other (the r12 part of 
the potential). In longer range, the induction forces that come from the 
correlated motion of the electrons in the system (the r6 part of the po-
tential). These potentials are the simple background interactions that 
allows the EPSR refinement to proceed, i.e., to move the position of the 

Fig. 9. Bond angle distributions extracted from the EPSR models and their relative changes versus stress. (a) and (b) for Zr-Be-Zr linkage along φ = 0◦ and φ = 90◦

direction respectively; (c) and (d) for Be-Zr-Be linkage along φ = 0◦ and φ = 90◦ direction respectively; (e)-(g) Relative changes in bond angles of Zr-S-Zr and S-Zr-S 
linkages along φ = 0◦, φ = 60◦ and φ = 90◦ direction respectively. 
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atoms in 3D space under a fixed bulk density of the system. On top of 
this, the empirical potential is then added as a perturbative force to 
capture the corrections that are required to put the positions of the 
atoms into agreement with the experimentally determined atomic pair 
distribution functions through the distance-dependent modifications to 
the interaction potentials. The EPSR simply aims to put the nuclear 
centres of the model atoms into positions consistent with the interpre-
tation of neutron or X-ray scattering theory, one of the best understood 
and physically robust experimental tests that has been derived by 
modern science. In this work, the EPSR method can simulate the X-ray 
scattering data perfectly in both reciprocal and real spaces (Fig. 2d, e). 
Then all 15 partial PDFs can be extracted from the atomic structure 
model (Fig. S3). More importantly, the results obtained from the EPSR 
modelling are in good agreement with those calculated by AIMD method 
for this multicomponent metallic glass [48]. The bond lengths of 
different atomic pairs obtained from the EPSR method are very close to 
those obtained from the AIMD method (Table S4). Moreover, the Vor-
onoi tessellation analysis results show that there is no dominant Voronoi 
polyhedra in this alloy although <0, 3, 6, 3>, <0, 3, 6, 4>, <0, 2, 8, 1>
and <0, 2, 8, 2> VPs have a bit higher percentage than other VPs 
(Fig. S13). These are again similar to the results obtained from the AIMD 
method for this alloy [48]. The above results and comparison confirm 
that the EPSR method is a robust and computational efficiency tech-
nique for the simulation and reconstruction of the 3D atomic structure of 
multicomponent metallic glassy alloys. 

4.2. The dominant atomic pair in governing elastic deformation and shear 
band initiation 

Analogous to dislocations in crystalline materials, shear banding is 
the essential deformation mechanism in MGs [11]. A huge number of 
studies have been reported in investigating and characterising shear 

band initiation and propagation in different glassy alloy systems under 
different stress conditions (tensile, compressive, bending, shearing, 
etc.). The most common methods used are real-space image techniques, 
e.g., SEM and/or TEM or reciprocal diffraction technique, i.e., SXTS. In 
situ SEM and/or TEM observation can obtain images of shear bands at 
nanometre scale [13–17], but it is very difficult to obtain the local 
stress/strain information at the region close to the shear bands, espe-
cially difficult in obtaining such information at atomic level for a bulk 
sample of millimetre scale in an operando condition as in our case. In 
this aspect, in situ SXTS plus PDF analysis can provide stress/strain in-
formation at atomic scale from a bulk sample [24–26], however it 
cannot “see” directly where the shear bands are and how they propagate 
in the bulk sample. Hence, the link between shear band ini-
tiation/propagation and the local stress/strain ahead of the shear bands, 
especially at atomic level, has not been established. Recently, limited 
studies have been seen reported to use the combined approach of in situ 
electron microscopy imaging plus SXTS together and attempted to 
establish such link at atomic level [20–22]. Unfortunately, in those 
work, the partial PDF of each atomic pair was obtained by only esti-
mating the weighting factor of each atomic bond, and the contributions 
of 7 atomic pairs were ignored in Zr-based multicomponent alloy [21]. 
In our work, by using the EPSR modelling to search and reconstruct the 
3D structure model that matches the total scattering data at each stress 
level, we are able to decouple all 15 partial PDFs from the reduced PDF. 
Fig. 8a, b show clearly that, along φ = 0◦ direction, with the increase of 
stress, the bond length of Zr-Zr atomic pair increases almost linearly, 
while the bond length of other atomic pairs remain almost unchanged or 
decrease by different degrees (Fig. 8b). Meanwhile, the Zr-S-Zr bond 
angles also increase monotonously with the stress (Fig. 9e). Such 
convincing evidence indicates that the extension of the bond length of 
Zr-Zr atomic pair and the continuous opening up of the Zr-S-Zr bond 
angles (both are in linear relationship with the applied stress) are the 

Fig. 10. Stress-induced atomic evolution of the Zr-centred MRO clusters along the three different directions. The 4 different connection modes are (a) 1-atom- 
sharing, (b) 2-atom-sharing, (3) 3-atom-sharing, and (d) 4-atom-sharing. 
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main atomic structure changes in the alloy to accommodate the elastic 
strain. More interestingly, the strains obtained from the 1st atomic shell 
are almost identical to the change in bond length of the Zr-Zr pair 
(Fig. 5), indicating that the Zr-Zr pair plays the dominant role in con-
trolling the elastic deformation of the 1st atomic shell as well in this 
multicomponent alloy. A simple schematic of how the atomic structure 
rearrange themselves in order to accommodate the extension of Zr-Zr 
bonds are illustrated in Fig. 11. At zero stress, a Zr-S-Zr angle is 
formed by two Zr atoms and one solute atom (referred to as ∠α), and a 
S-Zr-S angle is formed by two solute atoms and one Zr atom (referred to 
as ∠β). After applying the tensile stress, the two Zr atoms are extended 
further away from each other, i.e., the bond length is increased as 
indicated by the dashed blue lines. To accommodate the extension of 
Zr-Zr bond, the solute atoms move towards the Zr atoms, leading to 
decrease of bond length of the Zr-solute and solute-solute atom pairs and 
two new angles (∠α’ and ∠β’) are formed. Clearly, the ∠α’ is larger than 
the ∠α, while ∠β’ is less than the ∠β, consistent with the results showed 
in Figs. 8 and 9. 

From the in situ SEM imaging study, a shear band is observed at 
~1585 MPa (Fig. 3a5, a6). At the similar stress level (1556 MPa), the 
bond length of Zr-Zr pair in the longitudinal direction exceeds its 
theoretical value of 3.16 Å [49] (the inset in Fig. 8a), while the bond 
lengths of other atom pairs are below their corresponding theoretical 
values. When a metallic glass is subject to an external stress beyond its 
elastic limit, shear bands often initiate from the structural regions of 
relatively higher free volumes (i.e., the relatively soft regions) [62,63]. 
Dilation of these free volumes under further stresses can cause shear 
transformation and shear transformation zones [64]. The SRO and MRO 
clusters can therefore rearrange themselves to accommodate such shear 
dilation in the glass [65]. In this work, Zr-centred clusters have a lower 
degree of icosahedra (i.e., high free volumes), and therefore are more 
likely to be amenable and rearrange themselves during the initiation of 
shear bands. Hence, from statistics point of view, at the stress level that 
shear bands are seen to be initiated, there are higher probability of Zr-Zr 
bonds yielding or breaking, indicating that the yielding or breaking of 
Zr-Zr bonds indeed plays a critical role in the initiation of shear bands in 
this alloy. 

4.3. SRO and MRO structure evolution in different stress states 

The change or evolution of atomic structures at different stress 
conditions in MGs has been studied extensively [23,24,32,66]. The 
evolution of atomic clusters is closely linked to the stress states [32,67]. 
In the tested samples of this work, the tensile stresses are along the 
longitudinal direction (φ = 0◦), while the compressive stresses are along 
the transverse direction (φ = 90◦). In addition, almost no stresses are 
found along φ = 60◦ direction (Figs. S4, S5). These give us perfect 
conditions to study how atomic structures rearrange themselves in 
different stress states. 

As mentioned above, the Zr-centred clusters are fragmented 

polyhedral clusters with low degree of icosahedra, while the S-centred 
clusters are icosahedral-like clusters with high degree of icosahedra. 
Many simulation studies [52,68,69] showed that, a cluster with higher 
degree of icosahedra has a higher atomic packing density (i.e., low level 
of free volume) and it is mechanically and energetically more stable (i.e., 
stiffer) than that with lower degree of icosahedra [70]. Our SXTS and 
EPSR modelling results clearly illustrate that the Zr-centred clusters 
have low degree of icosahedra and therefore they are preferred choices 
of atoms to make rearrangement in order to accommodate the defor-
mation. The Zr-Zr pairs show the largest change in both tensile and 
compressive stress states, while other atom pairs show the opposite 
trends (Figs. 8 and S6). 

Fig. 12 illustrates how the Zr-centred SRO and/or MRO clusters 
rearrange themselves in the different stress states. Fig. 12a shows that, 
before applying any stress, a typical MRO cluster with two Zr-centred 
clusters connected via the Zr-Zr bond. The Zr-X-Zr linkage (X repre-
sents the shared atom) forms the bond angle ∠ABC. In the tensile stress 
state and as it increases, the Zr-Zr bond length increases, “pulling” the 
surrounding X atoms to move towards the gap between the two Zr 
atoms. When the stress reaches the critical value, about 1379 MPa as 
revealed by EPSR modelling and in situ SEM imaging results, the Zr-Zr 
bond breaks and thus then the X atoms become the middle atoms that 
link the two Zr-centred clusters via 1, 2, 3 or 4-atom-sharing mode 
(Fig. 12b). In this scenario, ∠ABC increases to become ∠A’B’C’ due to 
extension of Zr-Zr distance and shortening of the Zr-X distance (see 
∠A’B’C’ in Fig. 12b). Among those four different connection modes, the 
2, 3 and 4-atom sharing clusters are stiffer than the 1-atom sharing 
clusters [33,67]. Hence, as the tensile stress increases, more and more 
1-atom shared clusters break apart (see Figs. 10a and 12c). 

While Fig. 12d shows a typical cluster in the compressive stress state, 
the Zr-Zr pair bond length decreases with the increase of stress, “push-
ing” the two Zr-centred clusters to move close towards each other 
(Fig. 12d) until they start to “share” atoms, forming Zr-X-Zr linkage with 
angle of ∠DEF (see Fig. 12e). The distance between two central Zr atoms 
in MRO clusters with 4-atom-sharing connection is the smallest [33]. 
Further increasing the compressive stress, the Zr-Zr pair bond length 
decreases further and the two Zr-centred clusters finally become the one 
shown in Fig. 12f, where the two Zr atoms connect directly with a 
smaller bond angle, i.e., ∠D’E’F’ in Fig. 12f. Hence, an obvious decrease 
in the percentage of 4-atom-sharing connection mode is observed in 
Fig. 10d. 

5. Conclusions 

We used in situ SEM imaging, SXTS plus EPSR modelling to study 
synergistically and systematically the evolution of SRO and MRO 
structures in a 5-element multicomponent Zr-based commercial glassy 
alloy at different stress states. The important findings of this research 
are:  

1. We have demonstrated that the EPSR modelling is so far the most 
computationally efficient method for reconstructing the 3D atomic 
structure of the multicomponent MGs based on the experimentally 
collected total scattering data. Systematic and comprehensive ana-
lyses on the characteristics of the SRO and MRO structures and the 
decoupled 15 partial PDFs at each stress level reveal quantitatively 
how the SRO and MRO structures rearrange in 3D space in the tensile 
and compressive states.  

2. Compared to the solute atom-centred VPs, the Zr-centred VPs have a 
higher CN, and the Ŵ6 value for Zr atom is higher than that of the 
solute atoms. Therefore the Zr-centred atom clusters have a low 
degree of icosahedra and are preferred atom clusters to rearrange 
themselves in order to accommodate the tensile and compressive 
stresses. 

Fig. 11. A schematic of atomic structure evolution during the extension of Zr- 
Zr bonds. The solid black lines represent the atomic structure configuration at 
zero stress, and dashed blue lines represent the atomic structure configuration 
after applying stress. S represents the solute atom. 
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3. In this 5-element MG, the Zr-Zr pair is the dominant atom pair in 
controlling the elastic deformation. The yielding or breaking of Zr-Zr 
bonds plays a critical role in the initiation of shear bands in this Zr- 
based multicomponent MG.  

4. The reconfigurations of the MRO clusters under different stress states 
are realised by changing the connection modes between the Zr- 
centred atom clusters. During the evolution, the coordinated 
changes of both bond angles and bond lengths of the Zr-centred 
clusters are the dominant factors in accommodating the tensile or 
compressive elastic stresses. Other solute-centred MRO clusters only 
play a minor role in the atomic structure evolution.  

5. Under the tensile stress, both the bond length of Zr-Zr pairs and the 
Zr-S-Zr linkage increase with the tensile stress, and Zr-Zr bonds break 
when shear bands are nucleated. Upon further increasing the tensile 
stress, the MRO clusters with 1-atom-sharing mode break. By 
contrast, under the compressive stress, two Zr-centred clusters move 
towards each other, and MRO clusters would form via sharing atoms 
when the two central Zr atoms are close enough. The bond length of 
Zr-Zr pair continuously decreases as the compressive stress increases, 
resulting in the shared atoms moving away and the formation of Zr- 
Zr bond between these two central Zr atoms. 
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