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A B S T R A C T   

The effect of substituting Cu by elemental additions of Ni or Co on the atomic structure of the Zr60Cu30Al10 
ternary bulk metallic glass (BMG) is studied using high-energy synchrotron radiation X-ray diffraction. Analyses 
of the structural features in reciprocal and real space using the structure factors S(Q) and pair-distribution 
functions (PDF) point to an increase in the structural disorder for the Ni- or Co-bearing quaternary alloys. 
This is consistent with the “confusion principle” since upon alloying the initially nearly identical atomic sizes of 
Cu, Ni and Co diversify due to local electronic interactions. In real space, the disordering is manifested by a 
reduced deviation from the average particle density visible in the nearest-neighbour (NN) atomic shell structure 
over the complete short- and medium-range order region. Despite their similar atomic size, enthalpies of mixing 
with the main alloy elements and apparent disordering of the structure, the additions of Ni or Co have different 
effects on thermal stability of the ternary “mother” alloy.   

1. Introduction 

Due to their amorphous structure, bulk metallic glasses (BMGs) 
exhibit interesting engineering properties typically superior to those of 
their conventional crystalline counterparts [1–5]. However, glass for
mation in metallic alloys is still not well understood. A variety of pa
rameters and rules have been considered for the prediction and 
enhancement of their glass-forming ability (GFA). Amongst them are the 
“confusion principle” suggesting that a mixture of many elements with a 
high diversity especially in the atomic radii could lead to dense packing 
in the liquid state favouring glass formation over crystallisation upon 
rapid solidification [6,7] and Inoue’s three empirical rules [8]. The 
latter state that enhanced GFA can often be found (i) in alloys with more 
than three components, (ii) when the three main components exhibit 
significantly different atomic sizes (differences ⪆12%) and (iii) when 
enthalpies of mixing ΔHmix between the three main components are 
negative. In a sense, the first and second of Inoue’s rules specify different 
routes that can be taken to effectively “confuse” the liquid alloy’s 

structure to avoid crystallisation by increasing the diversity in the 
properties among the components present, particularly their different 
sizes [7]. Further factors that influence GFA are, inter alia, the 
crystal-liquid interfacial free energy [9–11], the diffusivity of the com
ponents [12,13] as well as the alloy’s proximity to eutectic compositions 
[10,14] or triple points [10,15] in their phase diagrams. The existence of 
eutectics and triple points themselves can be considered to arise from a 
kind of “structural confusion” due to competing orderings (e.g. different 
crystalline phases) [10,16–18]. Comparably, the dissimilarities of short- 
(SRO) and medium-range order (MRO) of the undercooled liquid phase 
and competing crystalline phases are another source of “confusion” that 
may be beneficial for GFA [10,17,19]. However, a rigorous way of 
quantifying “confusion” and disorder from a structural point of view is 
missing so far, and exceptions to virtually all of the aforementioned rules 
– towards lower as well as higher GFA – exist [20–25]. Ultimately, the 
necessary prerequisites for high GFA have to be explained by the 
interplay of the electrons and atoms in a material. Those electronic in
teractions can be discussed in a local [26] as well as a global view 
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[27–29]. 
Using high-energy X-ray diffraction (XRD) and pair-distribution 

function (PDF) analysis the effect of Al addition on SRO and MRO of 
the amorphous structure in Zr-Cu-Al BMGs in relation to their GFA and 
other properties has previously been shown [30–32]. While the structure 
of binary Zr-Cu metallic glasses can be approximated by models equiv
alent to an ideal-solution-like behaviour [33], addition of Al strongly 
modifies the atomic structure leading to the formation of Zr-Al near
est-neighbour (NN) populations far in excess of the random statistics of 
an ideal solution model [30]. In this respect, the structure of the hypo
eutectic ternary alloy Zr60Cu30Al10 has recently been studied by 
different techniques [31,32]. Using high-energy synchrotron radiation 
combined with containerless levitation the structural changes in this 
alloy were continuously probed during in-situ vitrification, starting from 
the high-temperature liquid down to the amorphous solid. The findings 
suggested that the addition of Al introduces strong covalent-like 
bonding resulting in stronger cohesion and increased population of 
local polyhedral atomic clusters, i.e. enhancing their stability through 
local electronic interactions associated with bond shortening [34] which 
in turn is responsible for sluggish kinetics in the undercooled liquid 
favouring vitrification. 

Additions of Ni are known to significantly increase GFA and thermal 
stability of Zr-Cu-Al alloys, achieving a critical diameter dc (i.e. the 
maximum diameter of a sample that can be cast fully glassy) of up to 
30 mm [37–39]. Additions of Co, on the other hand, have a smaller 
effect on GFA with maximum reported dc values for the Zr-Cu-Co-Al 
system of 12 mm [40]. At first glance, the increase in the number of 
components in going from the ternary Zr-Cu-Al to the quaternary 
Zr-Cu-TM-Al (with TM being either Ni or Co) systems could be respon
sible for the increased GFA due to an increase of diversity and confusion 
in the alloys. However, the atomic sizes of Cu, Ni and Co are so close to 
each other (Fig. 1) that identical bond lengths dat with Zr and Al have to 
be assumed [41]. This would (neglecting further effects like the prox
imity to eutectic compositions) remove the second and to some extent 
also the first route of increasing confusion according to Inoue’s rules and 
no change of GFA should take place. Inoue’s third empirical rule, 
however, could still provide the possibility of an enhanced GFA since the 
addition of Ni or Co introduces elemental pairs with considerably higher 
negative values of ΔHmix compared to those in the ternary alloy (Fig. 1, 
bold). Related to that, another source of diversity may arise from the 
different electronic configuration of Ni or Co compared to that of Cu. 
While, at least for the free atoms, all 3d states of Cu are filled, Ni and Co 
possess one and two unoccupied 3d states, respectively. Based on this, 
changes of the chemical bonding network of Zr60Cu30Al10 with addition 
of Ni or Co can be expected. 

In the present work the atomic structure of the ternary alloy 
Zr60Cu30Al10 as well as the quaternary alloys Zr60Cu20Ni10Al10 and 

Zr60Cu20Co10Al10 were studied using high energy synchrotron radiation 
X-ray diffraction. Despite the very similar properties of Cu, Ni and Co, 
characteristic structural changes induced by the addition of Ni or Co to 
Zr60Cu30Al10 could be identified. The associated effects on thermal 
stability of the glassy alloys are discussed. 

2. Materials and methods 

2.1. Sample preparation and characterisation 

Samples of three alloys with nominal compositions (in at%) 
Zr60Cu30Al10, Zr60Cu20Ni10Al10 and Zr60Cu20Co10Al10 were prepared by 
arc-melting from high-purity raw materials (Zr: 99.5%, Co: 99.9%, Ni: 
99.9%, Cu: 99.9%, Al: 99.9%) under Ar atmosphere. The ingots were 
flipped and re-melted four times as well as electromagnetically stirred 
during each step. Subsequent suction-casting of the ingots into a water- 
cooled Cu-mould was employed to obtain cylindrical samples 1 mm in 
diameter. 

An FEI Osiris transmission electron microscope (TEM) equipped with 
a high-brightness field-emission gun was used to obtain high-resolution 
images indicating the amorphous nature of the samples. Additionally, 
high-angle annular dark-field (HAADF) imaging and energy-dispersive 
X-ray (EDX) spectroscopy was carried out to investigate the distribu
tion of the alloying elements in the samples. 

Differential scanning calorimetry (DSC) was employed to determine 
characteristic temperatures and to evaluate the thermal stability of the 
glassy alloys. A TA Instruments Q2000 DSC was used to measure the 
glass-transition temperatures Tg and the crystallisation temperatures TX. 
Alloy samples with masses of about 10 mg were encased in Al pans with 
lids. During a first heating run the samples were heated up to 823 K, i.e. 
well above TX. After cooling down to room temperature, the same pro
tocol was used on the crystallised samples to obtain the baselines. A TA 
Instruments Q600 DSC/TGA was used to identify the liquidus temper
atures Tl. Samples with masses of about 9 mg were placed in Al2O3 pans 
without lids. All heating runs were performed at a heating rate of 
0.667 K/s. 

High-energy X-ray diffraction experiments in transmission mode 
were carried out at beamline I15-1 of the Diamond Light Source using an 
incident monochromatic beam with a wavelength of λi = 0.161669 Å (Ei 
= 76.69 keV). A Perkin Elmer XRD 4343 CT flat-panel detector was used 
for the acquisition of diffraction data up to a maximum momentum 
transfer of 38.86 Å−1. LaB6 was used to calibrate the scattering geom
etry. A beam spot size of 10 × 700 µm2 and an acquisition time of 600 s 
per sample were used. This enabled the collection of diffraction data 
with sufficient statistics for very high signal-to-noise ratio and reliable 
PDFs. The diffraction images, after necessary corrections for polar
isation, dark current and air (background) scattering, were azimuthally 

Fig. 1. Enthalpies of mixing ΔHmix (bold) according to Miedema’s model [35] and interatomic distances dat [36] for all pairs of elements in the three alloys under 
consideration. The interatomic distance for pairs of the same element equals the atomic diameter of this element [36] and is noted at each element. The numerical 
values can also be found in Table S1 in the Supplementary Material. 
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integrated using the DAWN software [42,43]. From the so-obtained in
tegrated diffraction intensities I(Q) the total structure factors S(Q) where 
calculated using the GudrunX software [44] following corrections for 
absorption, fluorescence, Compton scattering, background contribution 
as well as normalisation to the X-ray atomic form factor and conversion 
to electron units per atom with the generalised Krogh-Moe-Norman 
method [45,46]. GudrunX was also used to Fourier transform S(Q) 
[47] to the reduced pair-distribution function  

G(r) =
2
π

∫ Qmax

0
Q[S(Q)− 1 ]sin(Qr)dQ = 4πr[ρ(r)− ρ0 ] (1)  

to obtain structural information in real space, where r is the radial dis
tance from a centre atom, ρ0 the average particle number density and 
ρ(r) represents the local atomic-pair density (atomic-pair density func
tion) [47]. While ideally Qmax in Eq. (1) is infinite, in practice it is 
necessary to choose a finite value as high as possible, depending on the 
raw data. In the present study a value of Qmax = 25 Å−1 was used. 

2.2. Nearest-neighbour shells and the concept of “anti-shells” 

The pair-distribution function is a useful tool for analysing the 
atomic structure in amorphous systems [48]. Fig. 2 shows schematically 
the reduced pair-distribution function G(r) of a metallic amorphous 
material. The broad peaks (or maxima) in the G(r) functions correspond 
to the NN coordination shells with locally higher density of atoms. The 
valleys (minima) in G(r) correspond to positions (r-distances) with lower 

local density of atoms; they are often thought of as the edges of the 
coordination shells. However, there is no unique definition of the cut-off 
distance that signifies where one shell ends and the next one begins. This 
ambiguity in some cases complicates discussion of the trends observed in 
these minima. Thus, the concept of “anti-shells” is introduced here as a 
tool to facilitate this discussion and complement the definition of the NN 
shells. For the G(r) functions, areas with values G(r) < 0 can be 
considered as “anti-shells” (areas hatched orange in Fig. 2a), whereas 
areas where G(r) > 0 correspond to the NN shells (areas shown green in 
Fig. 2). For other expressions of the pair correlations, the definitions 
should be modified accordingly; for example for g(r) (pair-distribution 
function [47]) which oscillates around g(r) = 1, the shells would be 
found in areas with g(r) > 1 and the anti-shells for g(r) < 1. It is envis
aged that the shell/anti-shell concept would allow for a more rigorous, 
less subjective and more reliable way of determining structural metrics 
(e.g. area, height or centre of mass of a peak) by using a reference 
inherently associated with the structure function itself (e.g. G(r) = 0 in 
the case of the reduced pair-distribution function) without the need for 
any background subtraction or fitting procedure. 

3. Results 

Fig. 3 shows high-resolution transmission electron microscopy 
(HRTEM) images of the three alloys Zr60Cu30Al10, Zr60Cu20Ni10Al10 and 
Zr60Cu20Co10Al10. The HRTEM images show homogeneous amorphous 
structures for the three alloys, without any presence of lattice fringes. 
The HAADF images and EDX mappings in Fig. 4 further confirm the 
homogeneous amorphous structure of these samples, without any in
dications of phase separation or other structural inhomogeneity at this 
scale. Phase separation has been reported in glassy Zr60Cu20Co10Al10 
after annealing by Wang et al. [49]. In the present work, however, the 
HRTEM and HAADF observations (Figs. 3 and 4) rule out phase sepa
ration in the as-cast samples. 

Fig. 5a shows the structure factors S(Q) for Zr60Cu30Al10, Zr60Cu20

Ni10Al10 and Zr60Cu20Co10Al10 up to 18 Å−1. The three alloys exhibit 
very similar structure factors with diffuse peaks typical for amorphous 
alloys and decaying intensity with increasing Q. No Bragg peaks could 
be observed up to the maximal Q of 38.86 Å−1. For the remainder of this 
paper these diffuse peaks in reciprocal space will be referred to as halos 
which are numbered as shown in Fig. 5a. Starting from the features of S 
(Q) for the ternary Zr60Cu30Al10 alloy, the subtle differences induced by 
the addition of Ni and Co are discussed. The first halo, which bears in
formation mainly from the MRO in real space [50,51], is very distinct 
and almost symmetrical. Interestingly, the addition of Ni or Co leads to a 
decrease of its intensity while its position (Q1 = 2.59 Å−1) and width 
remain virtually unchanged (Fig. 5a). Taking into account the very 
similar X-ray form factors of Cu, Ni and Co, this observation may be 
related to an increase in the structural disorder caused by Ni or Co 
addition, without significant change of the principal structure. While the 
changes in going from the ternary to the quaternary alloys are distinct, 
the difference between the two quaternary alloys is relatively small. The 
second halo shows a structure consisting of (at least) two features that 
are frequently observed in metallic glasses [52]. These two features, 
denoted as 2 l (at the low-Q side) and 2 h (at the high-Q side) are not 
separated by a local minimum, i.e. feature 2 h remains a shoulder for all 
three alloys leaving halo 2 with a skewness towards higher Q. The split 
of the second halo has previously been discussed in connection with 
icosahedral SRO which is assumed to be the prevailing motif in Zr-based 
BMGs and critical for their high GFA [53–56]. Experimentally, as well as 
by simulations, icosahedral order has been shown to dominate the SRO 
in Zr60Cu30Al10 [32]. It is interesting to note that the intensity of 
sub-halo 2 h stays virtually unaffected whereas the intensity of 2 l 
changes (decreases) markedly (Fig. 5). In other Zr-bearing metallic 
glasses an increasing intensity of the low-Q feature was related to 
increasing ordering [57], indicating again an increasing disorder by 
alloying with Ni or Co in the present case. 

Fig. 2. Schematic representation of the reduced pair distribution function G(r) 
to illustrate the definition of NN shells and anti-shells (a) and their relation to 
the atomic arrangement in a two-dimensional monatomic model glass (b). The 
centres of the atoms in (b) are marked by white dots. The areas of the atoms 
shaded in grey symbolise the softness of the interatomic potential. 
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Fig. 3. Transmission electron micrographs for the three alloys Zr60Cu30Al10, Zr60Cu20Ni10Al10 and Zr60Cu20Co10Al10 corroborating their homogeneous amor
phous structure. 

Fig. 4. HAADF images (top) and EDX mappings for the individual elements in the three samples highlighting their compositional homogeneity.  
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The trend of decreasing intensity of S(Q) with Ni or Co addition can 
be observed up to the third halo (Fig. 5a). For the higher-order halos 
(right inset of Fig. 5a) this sequence is reversed, with the intensity of 
halos 4–6 for the Ni- and Co-bearing alloys becoming higher than those 
of Zr60Cu30Al10. This and some other peculiarities of S(Q) for higher Q 
(like changes of skewness or a non-monotonic change of the depth of 
consecutive troughs) indicate the possible presence of beats [58–60] in S 
(Q) caused by Ni or Co addition which are discussed further in the 
Supplementary Material. Considering again the very similar X-ray form 
factors of Cu, Ni and Co as well as their virtually identical atomic di
ameters (Fig. 1) the differences in the S(Q) point to differences in the 
structure of the three alloys which must be attributed to properties 
emerging from interactions between the added elements (Ni or Co) and 
the elements of the base ternary alloy (Zr, Cu, Al). To further elucidate 
the effect of the substitution of Cu by Ni or Co, S(Q) for the ternary alloy 
was subtracted from those for the quaternary alloys and the so-obtained 
functions ΔS(Q) are plotted in Fig. 5b. Differences can be observed over 
the complete Q-range, highlighting the structural changes that arise 
from the atomic substitution. 

Fig. 6a shows the reduced pair-distribution functions G(r) for the 
three alloys obtained by Fourier-transforming the respective S(Q) up to 
Qmax = 25 Å−1 (Eq. (1)). Again, a similar overall behaviour of the three 
alloys is visible with distinct broad peaks corresponding to the NN shells. 

Following the shell/anti-shell concept introduced in Section 2.2 the 
r-ranges of the shells (G(r) > 0) are shaded and marked with dashed 
vertical lines in Fig. 6. Although these ranges can be considered equal for 
the three alloys, a general overall trend can be clearly observed: Ni or Co 
addition leads to a decrease of the amplitude of G(r) for the NN shells 
accompanied by an increase of G(r) within the anti-shells, effectively 
reducing deviations from the average density and thus indicating a more 
disordered structure. 

The most obvious differences between the G(r) for the three alloys 
(Fig. 6a) are in the first two NN shells. All three alloys show a split first 
NN shell similar to what has been previously observed in some Zr-based 
metallic glasses [30,32,61–63]. The split increases from a shoulder in 
the ternary alloy via a saddle point in the Ni-bearing to a minimum in 
the Co-bearing alloy. 

The second G(r) peak, corresponding to the second NN shell, is 
asymmetric and possesses shoulders at the low- as well as the high-r side. 
Especially the shoulder at about 5.9 Å weakens upon alloying. While the 
peak associated with the third NN shell is also asymmetric with a slight 

skewness towards higher r, all peaks related to higher NN shells are 
virtually symmetric, almost independent of the particular alloy, and G(r) 
resembles a damped sinusoidal oscillation in this r-region. Underlying 
reasons for the possible existence of two regions with different order 
mechanisms (i.e. NN shells 1,2,3 compared to NN shells 4 and above) are 
discussed in the Supplementary Material in relation to local and global 
electronic interactions [27–29]. 

For further clarification, ΔG(r) functions corresponding to the dif
ference between the G(r) of the quaternary alloys and that of the ternary 
base alloy were calculated (Fig. 6b). The negative values of ΔG(r) clearly 
indicate that the amplitude of G(r) within the regions of the NN shells 
decreases for the Ni- and Co-bearing alloys, whereas positive values of 
ΔG(r) occur mainly in the anti-shell regions corresponding to the in
crease of the G(r) there. This corroborates the observation of a redis
tribution of atoms from the shells to the anti-shells reducing deviations 
from the average density, which can be interpreted as an increase of 
disorder in the short-to-medium-range order due to Ni or Co addition. 
The effect seems to be slightly bigger for the Co- than for the Ni-bearing 
alloy. 

4. Discussion 

The results in reciprocal (Fig. 5) as well as in real space (Fig. 6) 
suggest a small but unambiguous difference in the atomic structure of 
Zr60Cu30Al10 following the addition of Ni or Co consistent with an in
crease in structural disorder. This direct comparison of different alloys is 
possible only because of the similar properties of Cu, Ni and Co, espe
cially their initially almost identical sizes (Fig. 1). Keeping this in mind, 
a partial substitution of Cu by Ni or Co should not have any effect apart 
from Inoue’s first empirical rule. However, a simple increase in the 
number of components cannot be effective towards an increase of dis
order or GFA as long as the components are not associated with an 
increased diversity in their physical properties. 

For a more detailed discussion in the present case it is instructive to 
start with a consideration of the first NN shell. The increase of its 
characteristic split as well as its width at the base (i.e. at G(r) = 0) 
compared to Zr60Cu30Al10 (left inset of Fig. 6a and Fig. 7) is mainly due 
to a shift of the low-r portion towards lower r. From the Faber-Ziman 

Fig. 5. a) Structure factors S(Q) up to 18 Å−1 of all three alloys together with 
several enlarged views for the first 8 halos (as numbered) and b) the difference 
functions ΔS(Q) with respect to S(Q) of Zr60Cu30Al10. The vertical dotted lines 
and the shaded areas highlight the Q-ranges of the halos. 

Fig. 6. a) The reduced pair distribution functions G(r) for all three alloys 
together with enlarged views for the first and second NN shell. The dotted 
vertical lines and shaded areas highlight the regions of the NN shells (as 
numbered). Vertical lines in the inset for the second NN shell mark expected 
distances if interconnected coordination polyhedra sharing 1-, 2-, 3- and 4- 
atoms, respectively, are assumed. b) Differences ΔG(r) in the reduced PDF 
induced by alloying (the y-axis has been scaled by a factor of 2.75 from r = 4 Å 
onwards for clarity). 

M.E. Stiehler et al.                                                                                                                                                                                                                              



Materials Today Communications 31 (2022) 103531

6

weighting factors [64] 

Wij =
(
2− δij

) cicjfifj
(∑

icifi
)2 (2)  

of the elemental pairs ij that are visualised as vertical bars (placed at 
interatomic distances from Fig. 1, height proportional to Wij) in Fig. 7, as 
well as the probability [65,66] 

Pij =
(
2− δij

)
cicj = Wij

(∑
icifi

)2

fifj
(3)  

of occurrence of these pairs, it can be assumed that the low-r feature is 
dominated by Cu-Zr as well as additional Ni-Zr or Co-Zr elemental pairs 
for the quaternary alloys (ci, cj are the atomic concentrations of the el
ements i and j, fi, fj their atomic form-factors neglecting the Q-depen
dence and δij the Kronecker delta; the numerical values of Wij and Pij can 
be found in Table S1 in the Supplementary Material). The shift of the 
low-r feature towards lower r therefore suggests a shortening of the Ni- 
Zr and Co-Zr distances compared to those expected from Fig. 1, an effect 
that can be connected to the high negative ΔHmix of Ni-Zr and Co-Zr 
compared to that of Cu-Zr (Fig. 1) [20,30,62,67]. Further differences 
between Cu and Ni or Co relate to details of the interatomic potentials 
associated with different bonding behaviour due to the different elec
tronic configurations of Cu, Ni and Co. Bonding in the alloys with Ni or 
Co is expected to be more directional due to the participation of aniso
tropic d-states as opposed to the isotropic s-dominated bonding with Cu 
[68]. Hence, it is assumed that electronic interactions effectively change 
the initially almost identical sizes of Cu, Ni and Co, leading to an in
crease of the diversity in this property. Since this change cannot take 
place in these elements alone but becomes manifested only due to in
teractions with the other species (most importantly Zr) in the alloys, this 
can be considered as emergent diversity (in effective atomic sizes). Inoue’s 
third rule [8] is utilised to increase confusion according to the second 
(and effectively also the first) route to enhance confusion and conse
quently GFA. Indeed, for the case of the two quaternary alloys studied 
here, Zr60Cu20Ni10Al10 and Zr60Cu20Co10Al10, the addition of Ni or Co to 
the ternary system Zr60Cu30Al10, was found to improve GFA. While the 
critical diameter for the ternary alloys is 8 mm as reported by Zhang 
et al. [69], for the Ni-bearing quaternary Zr60Cu20Ni10Al10 it increases to 
20 mm as reported by Son et al. [37]. For the Co-bearing alloy, 
Zr60Cu20Co10Al10, it could be confirmed in this study that dc ≥ 10 mm. 

Extending the discussion to substitution-induced changes in the 
second NN shell shows most prominently a reduction of the shoulder on 
the high-r side of the according peak (Fig. 6a). Computer simulations 
related distances in the second NN shell to the interconnection of co
ordination polyhedra sharing different numbers of atoms [70,71]. Ac
cording to these simulations, atoms in the second NN shell can be found 

at distances 2r1, 
̅̅̅
3

√
r1, 

̅̅
8
3

√

r1 or 
̅̅̅
2

√
r1 if their coordination polyhedra 

share 1, 2, 3 or 4 atoms with coordination polyhedra of atoms located at 
r = 0 Å, respectively, where r1 is the position of the centroid of the first 
peak in G(r). These characteristic distances are marked with vertical 
lines in the inset for the second NN shell in Fig. 6a. Accordingly, the 
observed changes in the present case point foremostly to a reduction in 
1-atom interconnections which are not compensated by an increase in 
other interconnection schemes. Instead, it seems that the reduction is 
accompanied by an increase in the number of atoms in the adjacent 
anti-shell (inset of Fig. 6a). Thus, the observed changes for the second 
NN shell again corroborate the disordering induced by Ni or Co addition, 
with Co having the bigger effect. 

Although every atom in the alloy is at the centre of “its own SRO” and 
the described local effects should therefore be reflected in the high-r 
region of G(r) as well, its many-body nature may lead to additional 
emergent effects [51,72–74]. The local effects can be regarded to 
average out for higher distances, and are replaced by a coarse-grained 
description of the structure [51,73]. In the same manner, local elec
tronic effects may become replaced by global electronic interactions 
[27,28,75]. Shells 4 and above show a common pattern in ΔG(r), i.e. an 
almost symmetrical redistribution of pair density to lower as well as 
higher r, with ΔG(r) < 0 exclusively within the shells and ΔG(r) 
> 0 exclusively for the anti-shell regions (Fig. 6b). To gain more insight 
into this behaviour, Fig. 9 shows the absolute values of the reduced pair 
distribution functions |G(r)| for all three alloys in a semi-logarithmic 
plot highlighting the nearly exponential decay of the density oscilla
tions with increasing distance r. This decay can be characterised by a 
structural coherence length ξs according to G(r) ∝ exp(−/ξs) [51]. 
Overall, the addition of Ni or Co leads to a slight reduction of ξs (cf. 
straight lines in Fig. 9). In the Supplementary Material (Fig. S2), it is 
demonstrated that two G(r), differing slightly only in their coherence 
lengths, lead to a ΔG(r) very similar to that observed in Fig. 6b for NN 
shells 4 and beyond. This suggests that disorder in the form of a reduced 
deviation from the average particle density is equivalent to a reduction 
in long-range density correlations, i.e. the redistribution of atoms from 
the shells to the anti-shells is reflected in a reduced coherence length ξs. 
Recently it was shown that ξs is nearly proportional to the height of the 
first peak in the structure factor S(Q1) of many metallic glass-forming 
alloys [76], which is in accordance with the alloying-induced reduc
tion in S(Q1) observed in the present case (left inset of Fig. 5a). 

Fig. 8 shows the DSC traces for the temperature ranges relevant to 
obtain the characteristic parameters reduced glass-transition tempera
ture Trg = Tg/Tl and undercooled liquid region ΔTX = TX − Tg for the 
three alloys. The values are listed in Table 1 and are in agreement with 
data available in the literature [32,37,69,77,78]. Tg is practically the 
same for all three alloys. However, the addition of Ni increases TX (thus 

Fig. 7. G(r) of the first NN shell for the three alloys together with the Faber-Ziman weighting factors Wij (right y-axis) for the individual elemental pairs (blue bars; in 
case of pairs located at the same distance magenta or cyan bars in front of blue bars; the numerical values of Wij can be found in Table S1 in the Supplementary 
Material) calculated using Eq. (2) and positioned at the interatomic distances dat according to Fig. 1 (Table S1). 
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increasing the thermal stability of the glassy phase) and reduces Tl, 
shifting Trg closer to 2/3, the value considered optimal [14]. On the 
other hand, the glassy phase of the Co-bearing alloy exhibits lower TX 
and lower Trg. This indicates that the relationship between disorder and 
thermal stability of the glass phase is not monotonic. 

In a future, more detailed study, calculations within the framework 
of density-functional theory (DFT), complementing those recently per
formed for the ternary alloy [32], could provide a better understanding 
of the alloying-induced changes to the local electronic interactions that 
lead to the observed structural changes and their effect on the thermal 
stability of the glass. 

5. Conclusions 

Insights into the effect of the addition of Ni or Co on the atomic 
structure of Zr60Cu30Al10 bulk metallic glass were gained using high- 
energy synchrotron radiation X-ray diffraction. The additions cause an 
increase of disorder of the amorphous structure. This becomes manifest 
in the short- and medium-range order by an overall decrease in the 
amplitude of the oscillations in the reduced pair-distribution function G 
(r) and the reduction of the structural coherence length ξs. Both are 
related to a redistribution of atoms from the nearest-neighbour shells 
towards the anti-shells. The novel concept of anti-shells introduced here 
provides a fruitful basis to facilitate the description of disordering in 
amorphous alloys. Disorder is connected to increased confusion result
ing from an increased diversity of atomic species and their different sizes 
under introduction of a further component. Electronic interactions can 
cause an increase of diversity of atomic sizes leading to an emergent 
increase of confusion. Adding further elements might at the same time 
impact other factors, leading to an overall decrease of the thermal sta
bility of the glassy phase. Increasing structural disorder does not 
necessarily imply increasing stability. Nevertheless, further routes to 
“confusion enhancement” need to be explored, and more quantitative 
measures of confusion are sought. 
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Fig. 8. DSC traces for the three alloys. The arrows indicate in a) the glass-transition temperature Tg and the onset crystallisation temperature TX and in b) the liquidus 
temperature Tl. The curves are shifted along the y-axis for clarity. 

Fig. 9. The absolute values of the reduced pair distribution functions for all 
three alloys in a semi-logarithmic plot. The straight lines are linear guides for 
the eye. Their slopes correspond to the structural coherence lengths ξs. 

Table 1 
Glass−transition temperatures Tg, onset crystallisation temperatures TX and 
liquidus temperatures Tl as well as the reduced glass−transition temperatures Trg 
= Tg/Tl and the undercooled liquid regions ΔTX = TX − Tg for the alloys under 
consideration.  

alloy Tg [K] TX [K] Tl [K] Trg ΔTX [K] 

Zr60Cu30Al10  670  751  1215  0.55  81 
Zr60Cu20Ni10Al10  670  768  1156  0.58  98 
Zr60Cu20Co10Al10  668  734  1253  0.53  66  

M.E. Stiehler et al.                                                                                                                                                                                                                              



Materials Today Communications 31 (2022) 103531

8

Acknowledgements 

Experimental support by the Diamond Light Source, UK, under the 
Rapid Access scheme at beamline I15–1 (CY22841: “Uncovering struc
tural features of Zr-Cu-Al-based BMGs”) as well as financial support from 
the EPSRC-DTP project “Bulk Metallic Glasses: Revealing the Structural 
Pathway of Liquid Metals to Vitrification” (ref. 2043971) in the frame
work of the EPSRC (Engineering and Physical Sciences Research Coun
cil, UK) Doctoral Training Partnership (DTP) with Cranfield University 
(EP/N509450/1) and the ERC (European Research Council, EU) project 
“Extending the range of the glassy state: Exploring structure and prop
erty limits in metallic glasses” (grant agreement ID: 695487) is grate
fully acknowledged. The authors thank Zhi Wang for fruitful discussions 
and Steve Pope for his support in sample preparation. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.mtcomm.2022.103531. 

References 

[1] M.M. Khan, A. Nemati, Z.U. Rahman, U.H. Shah, H. Asgar, W. Haider, Recent 
advancements in bulk metallic glasses and their applications: a review, Crit. Rev. 
Solid State 43 (2018) 233, https://doi.org/10.1080/10408436.2017.1358149. 

[2] A.L. Greer, Metallic glasses…on the threshold, Mater. Today 12 (2009) 14, https:// 
doi.org/10.1016/S1369-7021(09)70037-9. 

[3] M.A. Yousfi, N.T. Panagiotopoulos, A.M. Jorge Junior, K. Georgarakis, A.R. Yavari, 
Novel micro-flat springs using the superior elastic properties of metallic glass foils, 
Scr. Mater. 131 (2017) 84, https://doi.org/10.1016/j.scriptamat.2017.01.012. 

[4] Y. Sun, A. Concustell, A.L. Greer, Thermomechanical processing of metallic glasses: 
Extending the range of the glassy state, Nat. Rev. Mater. 1 (2016) 16039, https:// 
doi.org/10.1038/natrevmats.2016.39. 

[5] N.T. Panagiotopoulos, K. Georgarakis, A.M. Jorge Jr, M. Aljerf, W.J. Botta, A. 
L. Greer, A.R. Yavari, Advanced ultra-light multifunctional metallic-glass wave 
springs, Mater. Des. 192 (2020), 108770, https://doi.org/10.1016/j. 
matdes.2020.108770. 

[6] A.L. Greer, Confusion by design, Nature 366 (1993) 303, https://doi.org/10.1038/ 
366303a0. 

[7] A.L. Greer, Metallic glasses, Science 267 (1995) 1947, https://doi.org/10.1126/ 
science.267.5206.1947. 

[8] A. Inoue, Stabilization of metallic supercooled liquid and bulk amorphous alloys, 
Acta Mater. 48 (2000) 279, https://doi.org/10.1016/S1359-6454(99)00300-6. 

[9] S. Ganorkar, S. Lee, Y.H. Lee, T. Ishikawa, G.W. Lee, Origin of glass forming ability 
of Cu-Zr alloys: A link between compositional variation and stability of liquid and 
glass, Phys. Rev. Mater. 2 (2018) 1, https://doi.org/10.1103/ 
PhysRevMaterials.2.115606. 

[10] J. Russo, F. Romano, H. Tanaka, Glass forming ability in systems with competing 
orderings, Phys. Rev. X 8 (2018) 21040, https://doi.org/10.1103/ 
PhysRevX.8.021040. 

[11] K.F. Kelton, A.L. Greer, D.M. Herlach, D. Holland-Moritz, The influence of order on 
the nucleation barrier, MRS Bull. 29 (2004) 940, https://doi.org/10.1557/ 
mrs2004.264. 

[12] D. Turnbull, Amorphous solid formation and interstitial solution behavior in 
metallic alloy systems, J. Phys. Colloq. 35 (1974) C4, https://doi.org/10.1051/ 
jphyscol:1974401. 

[13] A.L. Greer, N. Karpe, J. Bøttiger, Diffusional aspects of the solid state 
amorphization reaction, J. Alloy. Compd. 194 (1993) 199, https://doi.org/ 
10.1016/0925-8388(93)90003-6. 

[14] D. Turnbull, Under what conditions can a glass be formed? Contemp. Phys. 10 
(1969) 473, https://doi.org/10.1080/00107516908204405. 

[15] M.H. Bhat, V. Molinero, E. Soignard, V.C. Solomon, S. Sastry, J.L. Yarger, C. 
A. Angell, Vitrification of a monatomic metallic liquid, Nature 448 (2007) 787, 
https://doi.org/10.1038/nature06044. 

[16] A.R. Yavari, Solving the puzzle of eutectic compositions with “Miracle glasses”, 
Nat. Mater. 4 (2005) 2, https://doi.org/10.1038/nmat1289. 

[17] E. Perim, D. Lee, Y. Liu, C. Toher, P. Gong, Y. Li, W.N. Simmons, O. Levy, J. 
J. Vlassak, J. Schroers, S. Curtarolo, Spectral descriptors for bulk metallic glasses 
based on the thermodynamics of competing crystalline phases, Nat. Commun. 7 
(2016) 12315, https://doi.org/10.1038/ncomms12315. 

[18] K. Georgarakis, A.R. Yavari, D.V. Louzguine-Luzgin, G. Vaughan, Crystallization 
and vitrification of a PdCuNiP metallic glass upon thermal and mechanical 
processes detected by synchrotron light X-ray radiation, AIP Conf. Proc. (2013) 
672–681, https://doi.org/10.1063/1.4794657. 

[19] R. Dai, R. Ashcraft, A.K. Gangopadhyay, K.F. Kelton, Predicting metallic glass 
formation from properties of the high temperature liquid, J. Non Cryst. Solids 525 
(2019), 119673, https://doi.org/10.1016/j.jnoncrysol.2019.119673. 
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Structural evolution and strength change of a metallic glass at different 
temperatures, Sci. Rep. 6 (2016) 30876, https://doi.org/10.1038/srep30876. 

[67] J. Antonowicz, D.V. Louzguine-Luzgin, A.R. Yavari, K. Georgarakis, M. Stoica, 
G. Vaughan, E. Matsubara, A. Inoue, Atomic structure of Zr-Cu-Al and Zr-Ni-Al 
amorphous alloys, J. Alloy. Compd. 471 (2009) 70, https://doi.org/10.1016/j. 
jallcom.2008.03.092. 

[68] Z. Wang, F. Yang, A. Bernasconi, K. Samwer, A. Meyer, Predicting structural and 
dynamical behavior of La-based glasses and melts from the anharmonicity in their 
interatomic potential, Phys. Rev. B 98 (2018) 1, https://doi.org/10.1103/ 
PhysRevB.98.024204. 

[69] Q.S. Zhang, W. Zhang, D.V. Louzguine-Luzgin, A. Inoue, High glass-forming ability 
and unusual deformation behavior of new Zr-Cu-Fe-Al bulk metallic glasses, Mater. 
Sci. Forum 654–656 (2010) 1042, https://doi.org/10.4028/www.scientific.net/ 
MSF.654-656.1042. 

[70] C.H. Bennett, Serially deposited amorphous aggregates of hard spheres, J. Appl. 
Phys. 43 (1972) 2727, https://doi.org/10.1063/1.1661585. 

[71] J. Ding, E. Ma, M. Asta, R.O. Ritchie, Second-nearest-neighbor correlations from 
connection of atomic packing motifs in metallic glasses and liquids, Sci. Rep. 5 
(2015) 1, https://doi.org/10.1038/srep17429. 

[72] T. Egami, Local density correlations in liquids, Front. Phys. 8 (2020) 1, https://doi. 
org/10.3389/fphy.2020.00050. 

[73] C.W. Ryu, T. Egami, Medium-range atomic correlation in simple liquids. I. 
Distinction from short-range order, Phys. Rev. E 104 (2021), 064109, https://doi. 
org/10.1103/PhysRevE.104.064109. 

[74] P.W. Anderson, More is different, Science 177 (1972) 393, https://doi.org/ 
10.1126/science.177.4047.393. 
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