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It is generally believed that any metal or alloy can be formed into a 
glass1–4, and the ease with which an alloy forms a glass is referred 
to as the glass forming ability (GFA). Because direct determina-

tion of GFA requires elaborate measurements5,6, indirect criteria 
to estimate GFA have been proposed5,7. However, such criteria are 
either non-quantitative8 or include quantities that require an elabo-
rate measurement process4,7. Although investigations via computa-
tions have suggested that glass formation of an alloy is affected by 
short-range ordering and their interconnectivity9–12, a general cor-
relation between structure and GFA remains elusive.

Besides their scientific importance for glass and liquid-state 
physics1,3, bulk metallic glasses (BMGs) also possess exciting char-
acteristics for technological use13. Their combination of mechani-
cal properties with plastic-like processability suggests immense 
potential for many structural and functional applications14,15. 
Nevertheless, this combination has thus far been realized in very few 
alloys. As a consequence, today’s use of BMGs is limited to highly 
specialized applications. To unleash their potential, a much wider 
range of alloys must be characterized from the potential metallic 
glass forming composition space16.

Combinatorial methods have been developed and applied to 
determine some composition-dependent properties of metal-
lic glasses, including high glass transition temperatures17, thermal 
plastic processability18, corrosion resistance19, phase transforma-
tions20–22 and hardness23,24. As fast screening methods, X-ray dif-
fraction (XRD) has been used broadly to identify the glass forming 
compositional range17,18,24,25. However, such a range during sputter-
ing in an alloy system that contains BMG-forming alloys is very 
large17,18,25. This limits the effectiveness of the technique in reducing 
the number of alloys for the formation of BMGs. A breakthrough 
approach should be able to distinguish relative GFA among amor-
phous alloys in their as-sputtered state.

We have accomplished this in our work. We fabricated alloy 
libraries and characterized the composition-dependent structure  

through XRD mapping, which results in roughly 5,700 XRD dif-
fraction patterns from 12 alloy systems. By analysing such an 
unprecedented number of experimental data, both in quan-
tity and in consistent quality, we found that a larger full-width at 
half-maximum (Δq) of the first diffraction peak in the XRD pattern 
correlated with a higher GFA within an alloy system. The Δq–GFA 
correlation suggests Δq as a universal and practical indicator for 
GFA. Supported by systematic molecular dynamics simulations, the 
Δq–GFA correlation also suggests that GFA is rooted in the disper-
sity of structural units comprising the amorphous structure.

Even though many BMGs are multicomponent alloys, they 
often behave in a pseudo-binary or -ternary manner due to the 
similarity of some of the alloy constituents6. To adequately repre-
sent BMG-forming alloy systems, we considered different binary 
and ternary alloy systems, for example, CuZr, NiTa, NiNb, ZrCuAl, 
ZrCuAg, ZrCuTi, ZrNiAl, IrNiTa, NiNbZr, GdCoAl, MgCuY and 
PdCuSi. The systems, comprising alkaline-earth metals, transition 
metals, rare earth elements and metalloids, have been widely stud-
ied and alloys of highest GFA in each of the here-considered sys-
tems are identified.

We synthesized the alloy libraries using magnetron cosput-
tering17,18 (Fig. 1a). The high effective cooling rate during sput-
tering deposition26 results in vitrification in a wide composition 
range17,18,25, so that the general tendency of glass formation can be 
revealed. Since all alloys within one library are fabricated under 
consistent conditions, they are suited for a relative comparison. 
The chemical composition for each alloy within the library is deter-
mined using energy dispersive X-ray spectroscopy (EDX), and XRD 
is used to determine the diffraction pattern for each alloy (Fig. 1b). 
Here we focus on the first diffraction peak within the XRD pattern. 
Analyses of all the collected XRD patterns revealed that 1,893 out 
of 5,727 alloys form glasses (see Supplementary Information for the 
classification of glassy and crystalline alloys). A key distinct fea-
ture is that Δq and also peak position varies among the amorphous 
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alloys within the library. Within one alloy system, the amorphous 
alloys exhibit a broad variation of Δq with some variation in peak 
position (Fig. 1c). For example, for GdCoAl, Δq monotonically 
increases from 0.25 for Gd83.3Co6.3Al10.4 to 0.53 for Gd53.8Co28Al18.2. 
In other systems such as ZrCuAl, Δq first increases with increasing 
peak position from 0.32 for Zr74.8Cu16.6Al8.6 to a maximum of 0.67 for 
Zr48Cu44Al8, and subsequently decreases to 0.44 for Zr26.7Cu65.6Al7.7. 
For each alloy system, there exists a smallest Δq, below which either 
crystalline Bragg peaks are present in the XRD patterns or the dif-
fraction peaks are asymmetric, suggesting at least partial crystalliza-
tion of the alloys (see Supplementary Information for details).

We now demonstrate that Δq and GFA are correlated within 
an alloy system. To do this, we compare the compositional depen-
dence of Δq. Figure 1d presents the XRD patterns of glass form-
ing alloys in a ZrCuAg combinatorial library, along the line marked 
in the inset. Although all of the alloys are amorphous, their first 
diffraction peaks differ and gradually increase in Δq from the 
Ag-rich towards the Cu-rich side. The composition of maximum 
Δq coincides with the compositions of best-known glass formers 
(Fig. 2). In fact, for the nine ternary alloy systems considered here 
(Fig. 2a–i) and three binary alloy systems (Fig. 2j–l), the composi-
tion of highest GFA within one alloy system17,27–31 always coincides 
with the composition where Δq is maximum within the system. We 
confirmed that the variation of Δq does not originate from resid-
ual stresses, difference in film thickness, or growth mode in the 
deposited films (Supplementary Information and Supplementary  
Figs. 7–9). The correlation of Δq and GFA within an alloy system 

allows us to conclude that the GFA of an alloy is represented by its 
atomic structure reflected in Δq. Although this is not a general cor-
relation from one alloy system to another, it has substantial rami-
fications for the development of metallic glasses and glass science.

For example, IrNiTa is an alloy system that has been explored 
for BMGs that can be used at high temperatures17. The previously 
reported BMG former in this system, Ir33Ni28Ta39, can be cast into 
fully amorphous rods with diameters of up to 3 mm. Plotting Δq 
as a function of composition reveals that the alloys with the larg-
est Δq exhibit different compositions of Ir10Ni55Ta35 and Ir10Ni50Ta40 
(Fig. 2d). To test the quantitative and predictable power of the Δq–
GFA correlation, we fabricated the bulk Ir10Ni55Ta35 and Ir10Ni50Ta40 
alloys by using conventional copper-mould suction casting where 
the cooling rate is roughly six orders of magnitude lower than the 
cooling rate during sputtering deposition26. We observed that the 
Ir10Ni55Ta35 and Ir10Ni50Ta40 alloys with largest Δq measured on sam-
ples that were cooled with rates of roughly 109 K s−1 can be cast into 
fully amorphous rods of diameters even larger than 4 mm, exceed-
ing the GFA of previously known BMG former of roughly 3 mm. To 
provide another example, Zr46Cu46Al8 with a critical casting diam-
eter of 8 mm has been reported as the alloy with the highest GFA in 
the ZrCuAl system32. However, Zr50.75Cu40.75Al8.5 (indicated by the 
black dot in Fig. 3a) has recently been identified to form fully glassy 
rods with a diameter of 10 mm (ref. 33). Zr50.75Cu40.75Al8.5 falls right in 
the region of the largest Δq.

The ability to identify new BMGs exemplifies the power of  
the Δq–GFA correlation. For a more ‘quantitative measure’ of its 
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Fig. 1 | Flow chart illustrating the present combinatorial method and the obtained dataset. a–c, The entire procedure includes combinatorial synthesis 
by magnetron cosputtering (a), followed by automatic chemical analysis by EDX, XRD mapping and automatic data processing with a batch processing 
code (b), which results in a summary of peak position, q, and peak width Δq of the first diffraction peak for each of the alloy systems considered here (c). 
The diffraction angle 2θ was converted to momentum vector q via q = 4π × sinθ/λ, where λ is the X-ray wavelength. According to the spread of Δq and 
q, the light blue area in c is considered to be glassy area. The solid line is drawn as a guide for the eyes. d, XRD patterns along the dots taken in ZrCuAg 
combinatorial library, showing the obvious change in Δq and peak position with the alloy composition.
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effectiveness, we compare various alloy development strategies  
(Fig. 3). Specifically, we consider how many alloys have to be consid-
ered, fabricated and characterized to identify the best glass formers 
in an alloy system using conventional alloy development strategies, 
previously used combinatorial strategies and the here-proposed 

integrated Δq–GFA correlation approach. We assume that a com-
position grid of 1 at.% is required for an alloy development strat-
egy34, and that roughly 5% of the roughly 5,000 alloys in a ternary 
system must be considered. This results in roughly 250 alloys for the 
identification of the best glass forming alloy within the alloy system. 
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Fig. 2 | Correlation of Δq and GFA. Plot of Δq versus alloy composition for each here-considered alloy systems. a–i, ZrCuAl (a), ZrCuAg (b), ZrCuTi (c), 
IrNiTa (d), NiNbZr (e), MgCuY (f), ZrNiAl (g), GdCoAl (h) and PdCuSi (i) ternary alloy systems. j–l, Cu–Zr (j), Ni–Ta (k) and Ni–Nb (l) binary alloy systems. 
The black dots in the plots mark the alloys of the highest GFA in the corresponding alloy system13,20–24 that coincide with the composition of largest Δq. The 
solid blue lines envelope the compositions that have been covered in the combinatorial libraries. Alloys that are not fully amorphous have been excluded in 
this plot. The crosses indicated in a are the alloys for which molecular dynamics simulations were conducted as detailed in the Supplementary Materials.
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Hence, with the conventional alloy development strategies, roughly 
250 alloys have to be alloyed, cast and characterized (Fig. 3a). When 
using combinatorial approaches, all the alloys in one system can be 
fabricated simultaneously, and characterization can be carried out 
faster through scanning XRD methods that reveal binary informa-
tion, that is, glass or crystal (Fig. 3b). The effectiveness of the meth-
ods scales with the ratio of the number of revealed glassy alloys to 
the number of alloys in the library. For alloy systems in consider-
ation, a large portion, roughly 50%, of the alloys in the library form 
glasses during sputtering17,18,25. The effectiveness of previous combi-
natorial strategies to identify BMGs is thus only about twice as high 
as the conventional method, as it still requires fabrication of roughly 
100 bulk alloys through the conventional method.

For the here-proposed integrated Δq–GFA correlation approach, 
the XRD screening allows us to construct the contour of Δq, which 
unveils relative GFA within an alloy system (Fig. 3c). To determine 
the absolute value of the GFA, bulk fabrication is only required for 
the alloy of largest Δq. Therefore, compared to the roughly 100 
bulk alloys with previous combinatorial strategies and around 250  
bulk alloys with conventional strategies, the integrated Δq–GFA 

correlation approach substantially reduces the number of alloys, 
for example roughly one bulk alloy, to be alloyed, cast and char-
acterized. Hence, the integrated Δq–GFA correlation approach for 
the identification of the best BMG in an alloy system is around 250 
times more effective than the conventional method, and around 100 
times more effective than previous combinatorial strategies.

To ultimately test the predictability of the integrated Δq–GFA 
correlation approach, we select ZrCuCr as an alloy system that has 
not been considered for BMG formation. We sputter the ZrCuCr 
alloy library and perform XRD mapping; both tasks can be com-
pleted rapidly (Fig. 4a). We identify the alloy with the largest Δq 
within ZrCuCr system as Zr43Cu50Cr7. This alloy is then fabricated 
through copper-mould suction casting and, as comparison alloys, 
Zr40Cu50Cr10 and Zr30Cu55Cr15 are fabricated as well. As shown in 
Fig. 4b, glassy rods with a diameter of 1.5 mm can be obtained with 
Zr43Cu50Cr7, while the rods of Zr40Cu50Cr10 and Zr30Cu55Cr15 are 
completely crystalline. This indicates that Zr43Cu50Cr7 has a higher 
GFA than the other two alloys. In addition to Zr43Cu50Cr7, we iden-
tify Ir20Co40Ta40 as a BMG-forming alloy in the unexplored IrCoTa 
system (Supplementary Fig. 10). The results of both ZrCuCr and 
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IrCoTa further confirm the predictability of the Δq–GFA correla-
tion for the identification of new BMGs.

Since the XRD pattern and Δq reflect the statistically averaged 
structural information of a glassy alloy, the continuous variation 
of Δq with compositions within an alloy system suggests that the 
compositional dependence of GFA in the system is related to the 
global atomic structure in the amorphous phase. For crystalline 
structures, the location of the diffraction peaks indicates the dis-
tances between periodic arrangements of structural units and the 
peak width is indicative of correlation length between the structural 
units. In an amorphous atomic arrangement, the broad hump peaks 

in a diffraction pattern are defined by average atomic distances. As 
a statistic measure of the distance over which ordered arrangement 
of structural units can be maintained, the correlation length, which 
can be estimated with Δq through L = 2π/Δq, has been interpreted 
to reflect the degree of structural ordering of MGs35–37. A larger Δq 
indicates a shorter correlation length, and thus an ordered arrange-
ment of structural units can only be retained over small distance, 
indicating that the amorphous structure is statistically more dis-
ordered. To compare the correlation length across the considered 
alloy systems, L is normalized by the weighted average of atomic 
diameters, which yields the number of atoms across the correlation 
length (Fig. 5). When comparing the normalized correlation length 
for the here-considered alloy systems, a strong correlation reveals: 
alloys with high GFA and large Δq exhibit short correlation length 
within each of the system (solid circles in Fig. 5). The variation of 
correlation length indicates that in a system, alloys with high GFA 
possess highly disordered structures in their amorphous phases at 
least under rapid cooling, which are more disordered than other 
alloys in the system. It should be noted that the here-mentioned  
disordered structures refer to the statistic average of the global 
amorphous structure.

As the diffraction pattern only contains average information, 
we turn to simulations to understand the structural origin leading 
to the large Δq and structural disordering for alloys of high GFA. 
Since numerous simulations have been performed with ZrCuAl as 
a model alloy system11,38,39, we modelled 13 ZrCuAl glass forming 
alloys with constant Al content, as marked by crosses in Fig. 2a (see 
Supplementary Information for details of the MD simulation). Δq 
of the ZrCuAl alloys vary non-monotonically with compositions 
(Fig. 6a). With the increase of Zr, the average coordination num-
ber of the first shell remains unchanged for the modelled alloys 
(Supplementary Fig. 11b). Numerous investigations have been car-
ried out to understand GFA by focusing on local clusters of specific 
configurations, such as icosahedrons9,11,12,40,41, which are present in 
most liquids42,43 and particularly pronounced in BMGs11,12,40,41 with 
a large negative heat of mixing among key constituents8. Our bond 
angle analysis on the modelled alloys indicates that the fraction 
of icosahedron- and crystal-like clusters either monotonically 
vary or remain essentially constant with the increase in Zr content 
(Supplementary Fig. 11c), suggesting that neither of them alone 
contributes to the high GFA reflected by a larger Δq in an alloy 
system. This is because the number of atoms organized in specific 
local clusters represents only a small fraction of the total38,39,44. 
Instead, the atoms that are not involved in such clusters exhibit 
correlation with Δq, as their non-monotonic variation coincides 
with the variation of Δq for the modelled alloys (Fig. 6a and 
Supplementary Fig. 11c).

GFA is believed to relate with the small density difference 
between a glass and its crystalline counterpart22. A densely packed 
atomic structure is expected for strong glass forming alloys due to 
the prevalence of a few special local clusters. A disordered global 
structure characterized by a large Δq seems contrary to the expec-
tation. To gain insight into the apparent contradiction, we further 
analysed the Voronoi polyhedron comprising the modelled glasses. 
Our analyses indicate that the fraction of the five most popular 
types of Voronoi polyhedra (Supplementary Table 1) vary inversely 
with GFA of the modelled alloys (Supplementary Fig. 11d). Except 
icosahedron and crystal-like clusters, our analyses reveal that 
far more types of polyhedra exist in the modelled glasses. The 
number of polyhedral types vary in a similar way to that for Δq  
(Fig. 6b), indicating that the alloy with a large Δq and high GFA 
comprise more types of cluster. MD simulations for MgCuY alloys 
also support the argument (Supplementary Fig. 12). From poor to 
good glass formers, the variation in the number of clusters is as 
large as roughly 20–30% for the modelled ZrCuAl (Fig. 6b) and 
MgCuY (Supplementary Fig. 12) alloys. This pronounced variation 
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does reflect the large cluster dispersion in different alloys within 
an alloy system. Quasi-equivalence analysis can reduce the num-
ber of cluster types, but such analysis depends on cut-off values for 
classification. Here, we take the number of clusters identified with 
Voronoi tessellation as a measure of cluster dispersion. It would be 
insightful for future research to go beyond the here-used measure, 
and identify and quantify structural difference of the clusters, so 
that the subtle variation around the alloys of highest GFA can be 
further studied (Fig. 6b). Although local orders, in particular ico-
sahedral clusters, have been considered to maximizes the density 
of atomic packing, they are experimentally confirmed to be geo-
metrically distorted45. The distorted clusters lead to various unfilled 
space with diverse geometrical shapes that broadly distribute in the 
global amorphous structure10,46,47. To achieve dense packing, incor-
poration of more types of polyhedra is necessary48,49. As shown in 
Fig. 6c, maximal packing efficiency does emerge in the glasses that 
are composed of more types of cluster and exhibit large Δq. This 
indicates that it is not the packing density of individual clusters that 
determine the global packing efficiency, and that an enhancement 
of glass formation within one alloy system is achieved through an 
increasing distribution in local clusters. Because the atomic dis-
tances within each cluster differ from one type to another, the result 
is apparent global disordering due to the dispersity of structural 
units comprising the entire amorphous structure (Supplementary 
Fig. 13). Different from the disordering of a specific cluster, the dis-
persity induced global disordering results in efficient packing of the 
glass phase (Fig. 6c). Therefore, the varying GFA reflected by Δq in 
an alloy system, and the associated efficient space filling and dense 
atomic packing, can be explained by the difference in the number 
of involved polyhedral types, that is, dispersity of structural units 
comprising the amorphous structure. Our finding reveals that it is 
not the characteristics of specific short-rang order, but the differ-
ence of short-range units that reflects GFA. The difference among 
the clusters includes but goes beyond cluster sizes.

Medium-range order has been widely used as a powerful concept 
to understand glass formation10,46,47. However, numerous explana-
tions have been assigned to the characteristics of medium-range 
order and the origin of the first diffraction peak10,46,47. The ability to 
drastically simplify the structure–property relationship in crystal-
line solids originates from its periodicity and the ability to reduce 
the problem to small unit cells. Our large number of consistent 
experimental data indicate that GFA and the dispersion of local 
clusters are correlated. The strategy to reduce the problem to small 
‘unit cells’, such as specific short-range orders, does not appear to 

reflect the situation of liquids and glasses where lower energy states 
can be better realized through a wide dispersion of ‘units’. One could 
argue that this suggests a shift from the focus away from local clus-
ters to understand glass formation to more holistic packing motifs. 
Our argument that the GFA of an alloy is governed by diverse struc-
tural units rather than a few types of cluster is consistent with the 
finding that existence of multiple clusters of dissimilar structures 
prevent each other from reaching the critical size for crystallization 
and thus facilitate the ease of glass formation50.

It is surprising that the Δq–GFA correlation has not been revealed 
earlier, considering the fact that a large number of metallic glasses 
has been developed over the past 60 years. One main reason is that 
when characterizing Δq for the same alloy but with different alloy 
fabrication methods and/or XRD characterization methods, dis-
tinctly different values have been reported (Supplementary Fig. 14).  
Unlike previous work, our data-driven research is based on con-
sistent parallel synthesis and characterization. Although the varia-
tion tendency of Δq is different from one alloy system to another 
(Fig. 1c), we argue that one could potentially compare Δq values for 
different alloy systems when the appropriate normalization factors 
have been identified. We speculate that data science approaches can 
play an important role in determining the normalization factors, 
which would ultimately allow computer-based alloy development.

In summary, through a data-driven approach considering 
roughly 5,700 alloys, we identified a correlation between GFA and 
the width of the first diffraction peak, Δq, in the XRD pattern. Such 
a correlation, observed here far away from equilibrium, suggests 
that within an alloy system the structural units are more dispersed 
in strong glass formers. The dispersity leads to apparent disorder-
ing but efficient packing of the amorphous structure. The discov-
ery may shift our focus to understand glass formation from specific 
short-range orders to more holistic packing motifs and allows  
disruptive growths in the discovery of BMGs.
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mation, acknowledgements, peer review information; details of 
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characteristics revealed by molecular dynamics simulations for ZrCuAl alloys. 
The amorphous structures are modelled and analysed for 13 ZrCuAl alloys 
with constant Al content but varying ratio between Zr and Cu. The system 
size for MD simulations is 40,000 atoms. a, Compositional dependence of 
experimentally measured Δq. b, Variation of the number of Voronoi polyhedral 
types with Zr content for the 40,000-atom MD models. c. Compositional 
dependence of packing efficiency for the 40,000-atom MD models. All the 
structural characteristics exhibit maximal values around Zr45Cu45Al10, which 
have the highest GFA among the modelled alloys. In the plots, the number labels 
correspond to the labels in Fig. 2a, and the solid lines are guide for the eye.
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Methods
Sample fabrication. The combinatorial thin film libraries were fabricated by 
confocal magnetron cosputtering (Ace Precision Machine, Inc., AFS1800) 
from elemental sputtering targets with purity better than 99.95%. Some 
100-mm-diameter single-side-polished Si wafers were used as substrates. The 
composition gradient was controlled by tuning the sputtering power as well as the 
tilt angle of the sputtering guns. The thickness of the deposited films is about 1 μm. 
Bulk samples were prepared by arc-melting pure metals in Ar atmosphere, followed 
by copper-mould suction casting.

Materials characterizations. Compositions of the combinatorial libraries were 
measured by EDX attached to a Phenom scanning electron microscope.  
The measured compositions over the combinatorial libraries were calibrated by 
measurement on bulk alloys of known compositions by using EDX. The structure 
of the libraries was characterized by using a Malvern PANalytical Empyrean  
X-ray diffractometer with a Cu Kα radiation source. To ensure fast screening,  
a PIXcel1D linear detector containing 256 pixels in the detector array was used.  
A custom-designed sample stage attached to an xyz triaxial motor was used to 
realize XRD mapping, which was performed on a 19 × 19 matrix covering the 
entire libraries with a spacing of 5 mm between each spot. At an incident angle of 
15° where the first diffraction peaks are located, the X-ray spot size is 8 × 6 mm2 
within which compositional variation of roughly 1–4 at.% for different elements. 
During XRD mapping, the movement of the sample stage is in the xy plane, 
which ensures the constant sample-to-detector distance for each location. The 
acquisition time for single XRD measurement is roughly 7 min. Across each 
library, 249 evenly spaced locations were characterized and more than one library 
was synthesized to cover different composition ranges for each investigated alloy 
system. The signal-to-noise level remains constant for the obtained XRD patterns 
(Supplementary Fig. 15). A kSA MOS UltraScan scanning curvature and stress 
measurement system was used to measure the local curvature of the substrate.  
The residual stress was calculated from the change in local curvature of the 
substrate before and after deposition, and the physical parameter of the substrate. 
The obtained values of residual stress were plotted with respect to the x,y 
coordinates on the wafer to generate the map of residual stress (σ) for the library.
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