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a b s t r a c t 

Research into the atomic structures of metal materials in the liquid state, their dynamic evolution versus 

temperature until the onset of crystal nucleation has been a central research topic in condensed matter 

physics and materials science for well over a century. However, research and basic understanding of the 

atomic structures of liquid metals are far less than those in the solid state of the same compositions. This 

review serves as a condensed collection of the most important research literature published so far in this 

field, providing a critical and focused review of the historical research development and progress in this 

field since the 1920s. In particular, the development of powerful synchrotron X-ray sources and the as- 

sociated experimental techniques and sample environments for studying in-situ the atomic structures of 

different metallic systems. The key findings made in numerous pure metals and metallic alloy systems are 

critically reviewed and discussed with the focus on the results and new understandings of structural het- 

erogeneities found inside a bulk liquid, at the liquid surface or liquid-solid interface. The possible future 

directions of research and development on the most advanced experimental and modeling techniques are 

envisaged and briefly discussed as well. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Liquid is one of the four fundamental states of matter (i.e., 

as, liquid, solid, and plasma) that occurs naturally in the uni- 

erse [1] . Liquid materials or materials in their liquid state are 

biquitous in nature [ 2 , 3 ]. The properties and functionalities of a

iquid material are predominantly determined by its constituent 

toms, the bonding and interactions among these atoms, and the 

tomic structures formed by adapting to its surrounding environ- 

ent and the thermodynamic driving forces, for example, grav- 

tational force, temperature, pressure [4] , electromagnetic fields 

5] , ultrasonic fields [6] , etc. [2] . For the metal-based materials, 

hich are the main focus of this review paper, most of them are 

n the solid state at room temperature and atmospheric pressure 

n the earth’s surface environment [7] . Only one pure metal has 

ts melting temperature below room temperature (Hg @ –38.83 °C) 
nd another one slightly above room temperature (Ga @ 29.76 °C) 
7] . In general, heating up a metal material above its melting 
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oint and then mixing it with other constituent materials is the 

ost effective way of producing new metal material systems or 

lloys [8] . The heating processes may occur naturally due to fir- 

ng or volcano eruption, or through a controlled heating method 

r system purposely developed by human beings [9] . The uses of 

ring for the smelting of metals have been a crucial step in the 

evelopment of man-made metal materials in human civilization 

istory and even today. Metal materials in their liquid state are 

rucial because their atomic structures are the basis for any sub- 

equent structure development in the solid state [10–12] . Unfortu- 

ately, research and basic understanding of the atomic structures 

f liquid metals are far less than those in the solid state of the 

ame compositions. This review serves as a condensed collection 

f the most important research literature published so far in this 

eld, providing a critical and focused review on the historical re- 

earch development and progress in this field since the 1950s. The 

utlook and possible future research directions are also discussed 

nd envisaged. 
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. A brief overview of the research on liquid metals 

.1. Special melting techniques for studying liquid metal structures 

Solid metals need to be melted above their melting points to be 

n the full liquid state [9] . The most common techniques for melt- 

ng solid metals are to place the metallic charges inside a container 

crucible) and then heat up the crucible by using gas/oil fire, hot 

ath/air, or electricity via resistance or induction heating mecha- 

ism [9] . However, in those methods, a part of the molten met- 

ls is in direct contact with the crucible wall, which may affect 

r limit what type of probes can be used for collecting the data 

hat contain the liquid metal structure information [13] . Hence a 

umber of levitation methods were developed in the past to first 

elt the metals without the use of a conventional crucible (e.g., 

ust using a holding plate) and then to lift and hold the molten liq-

ids in a free space via a counter-gravity force [14–17] . The most 

ommon and effective methods are (1) aerodynamic levitation [18–

3] , (2) electromagnetic levitation [ 18 , 24–27 ], (3) electrostatic levi- 

ation [ 13 , 28–33 ], and (4) acoustic levitation [ 34 , 35 ] as described

riefly in this section. In addition, for minimizing the effects of 

ravity, melting and solidification experiments have been also car- 

ied out in a microgravity environment onboard sounding rockets 

t a distance of ∼100 km above the Earth’s surface [ 36 , 37 ]. 

.1.1. Aerodynamic levitation 

In 1969, Beard et al. [22] made the first attempt to explore the 

erodynamic levitation (ANL) method to levitate and then study 

m-to-mm diameter water drops in a wind tunnel. ANL uses 

he floating force of a gas streaming flow through a convergent- 

ivergent nozzle to levitate a sample against gravity. Fig. 1 (a, b) 

hows a typical example of such an aerodynamic levitator. Laser 

eams are often used to heat the sample, avoiding any direct con- 
ig. 1. (a) An image [40] and (b) a schematic, showing a typical aerodynamic levitator an

op of a gas stream passing through a nozzle. (c) A liquid metal droplet levitated electro

he EML furnace used at BM29 of the ESRF [26] . 

181
act between the sample and the container’s wall during melting 

23] . This method has been widely used in studying metal oxides, 

ut, to a lesser extent, in studying metal alloys and semiconduc- 

ors [38] . The advantage of ANL is that it is applicable to any liquid

aterials on the condition that the right gas medium was chosen 

ccording to the type of metals to be melted. However, there is al- 

ays a layer of high-speed gas flowing around the liquid, which 

ay interfere with the probe or sensor for acquiring the structure 

ata information from the liquid. 

.1.2. Electromagnetic levitation 

For electrically conductive metal samples, levitation of the liq- 

id material against gravity can be achieved by imposing an elec- 

romagnetic field around the sample, e.g., using a high-frequency 

lternating inhomogeneous electromagnetic field generated by a 

ater-cooled Cu coil [15] . In 1923, Muck [39] did one of the earli- 

st electromagnetic levitation (EML) melting experiments. 

Then Okress et al. [41] made further improvements on EML in 

he 1950s. In 1998, Jacobs et al. [ 26 , 27 ] applied the EML technique

or the first time at beamline BM29 of the European Synchrotron 

adiation Facility (ESRF). They investigated successfully the short- 

ange order (SRO) structures of the Co80Pb20 alloy in the liquid 

tate. Fig. 1 (c, d) shows the schematic of the electromagnetic levi- 

ator integrated at BM29. In addition to the uses of X-ray, neutron 

s another very commonly used radiation beam to study the atomic 

tructures of electromagnetically levitated alloy melts [42–44] . 

.1.3. Electrostatic levitation 

For a charged or polarized sample, levitation can be achieved 

y exploiting the Coulomb force [15] . For example, two capacitor 

lates can be arranged in parallel with a certain distance apart, 

enerating a vertical electric field between the two plates, which 

an levitate a charged sample against gravity and this is normally 
d the CO2 lasers for heating samples [38] . A spherical liquid sample is floating on 

magnetically by the field generated by the Cu coil [38] and (d) a sectional view of 
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Fig. 2. (a) An image of an electrostatically levitated Ti39.5 Zr39.5 Ni21 droplet at 1150 K. The spherical sample is floating between two vertical electrodes [31] . (b) A Schematic 

of the ESL furnace [13] . A pair of parallel disc electrodes are placed inside a stainless-steel chamber with ∼10–5 Pa pressure, between which a charged sample is levitated. 

(c) A typical scenario of an acoustic levitator used at 11-ID-C of APS. The illustrations on both sides of the levitator show the methods of forming amorphous pharmaceutical 

drugs [34] . 
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alled electrostatic levitation (ESL) [15] . However, it has an inher- 

nt instability issue that needs to have a fast feedback loop control 

n place so as to correct any deviation away from the preset posi- 

ion [33] . 

In 1988, the European Space Agency (ESA) performed the first 

icrogravity experiment in a sounding rocket (TEXUS-19), at- 

empting to electrostatically levitate and melt a glass-forming ma- 

erial (24 mol% Li2 O–76 mol% SiO2 ) [45] . However, this attempt 

as unsuccessful because of the difficulty in controlling the sam- 

le position. 

In 1993, Rhim invented the first ESL apparatus at NASA’s Jet 

ropulsion Laboratory [33] . The ESL was further improved at Cal- 

ech to reduce the temperature gradient across a liquid sample and 

o increase the stability of sample positioning with a tetrahedral 

aser heating system [46] . Fig. 2 (a, b) shows the typical scenarios 

f electrostatically levitated metal droplets. Since then, it has be- 

ome the preferred method to study the thermo-physical proper- 

ies of liquid metal alloys and to investigate the crystal nucleation 

ynamics in different liquids [ 13 , 28–32 , 47 ]. 

.1.4. Acoustic levitation 

Acoustic levitation is realized by utilizing the acoustic ra- 

iation pressure from high-intensity ultrasound. In 1933, Bucks 

t al. [48] made the first attempt at acoustic levitation. The next 

rogress came in 1949 when Hilary tried to apply acoustic radia- 

ion to the agglomeration of dust particles in mining [49] . Then, in 

985, Trinh et al. [50] further developed the concept and the asso- 

iated device for studying fluid dynamics. Fig. 2(c) shows a typical 

coustic levitator used by Benmore et al. [23] at beamline 11-ID-C 

f the Advanced Photon Source (APS). However, due to the lim- 

ted lifting force and the need for the gas medium for ultrasound 

ransmission and appropriate heating sources, acoustic levitation 

as been hardly used for the studies of liquid metals. 

In summary, ANL and acoustic levitation can easily levitate non- 

onducting materials, while EML is only suitable for levitating con- 

uctive metal materials, but these three methods often cause dis- 

orted shape on the sample surface (i.e., deviated from a spherical 

hape), which could be a problem in accurately measuring the sur- 

ace properties of the liquids. ANL also needs high-speed gases to 

evitate a molten sample against gravity and cool the sample. How- 

ver, the impurities in the gases might contaminate the samples, 

hich not only reduces the degree of undercooling but also affects 

he surface properties [51] . In contrast, due to the rapid upgrading 

f the ESL hardware and software setup [51] , the well-developed 

SL has been widely used to study the structure of liquid metals at 

ynchrotron and neutron beamlines around the world [ 28–32 , 52 ]. 
182
.2. Scientific focuses of the research on liquid metal structures 

Depending on the types of atomic species, pressure, and tem- 

erature conditions as well as the local surrounding environment, 

iquid metals may have distinctly different atomic structures as 

riefly described in this section. 

.2.1. Atomic structure of liquid metal surface 

When a liquid metal is in direct contact with different gases, 

.g., with air, inert gases, or even a vacuum environment, the 

tomic structure of the surface of the liquid metal is different from 

hat of the bulk liquid. In 1999, Tostmann et al. [53] and Dimasi 

t al. [54] investigated the surface structures of liquid Hg, Ga, and 

n using the X-ray reflectivity technique. They found that the liq- 

id surface has a different structural order compared to that of the 

ulk liquid, and the interatomic interactions in liquid metals are 

trongly dependent on the electronic structure. 

In 2005, Oh et al. [55] observed the infiltration of oxygen from 

he microscope column into the well-organized liquid along the 

nterface using high-resolution transmission electron microscopy 

TEM). Al2 O3 was formed through epitaxial growth, driven by the 

ynamic motion of interfacial steps. This is crystal-induced order- 

ngs of liquids that occurred during the process of liquid phase epi- 

axial growth and high-temperature wetting. Furthermore, Gand- 

an et al. [56] also used aberration-corrected TEM to investigate 

n situ the interfaces between liquid Al and various sapphire facet 

lanes and confirmed the more ordered nature of the liquid at 

he interface which is dependent on the sapphire facet planes. 

or example, the degree of ordering decreased on the planes of 

 0 0 06 } > { 12̄ 10 } > { 101̄ 2 } ≥ {1̄ 014 } . Further studies in AlCu 
57] and AlNi [58] systems also confirmed that there is indeed a 

orrelation between the structure of the solid surface and the or- 

ering of the adjacent liquid, which is essential for a more quanti- 

ative understanding of solid-liquid interfaces. 

.2.2. Atomic structure of bulk liquid metal and liquid-to-liquid 

tructure transition 

Moving away from the surface and into the bulk volume of a 

iquid metal of the same and homogenous composition, for any 

eference atom in a completely disordered system, the local sur- 

ounding atomic environment could be assumed as the same from 

tatistical point of view. However, such local atomic environment 

s strongly linked to the local temperature of the liquid as well 

s the local composition. If the temperature or composition is 

ot homogenous, there may exist different atomic configurations 

r distributions of different species in different regions of the 

ulk volume which may develop into metastable and/or polymor- 



S. Huang, K. Xiang and J. Mi Journal of Materials Science & Technology 203 (2024) 180–200

Fig. 3. (a–c) Snapshot of the FCC crystal nucleus transferred from MROs at t = t ’, 

t = t ‘ + 40, and t = t ’ + 60. (d–f) The corresponding temporal bond-orientational 

order analysis. Time t = t ’ is when a supercooled liquid reaches a sort of quasi- 

equilibrium steady state after the initiation of simulations from a random disor- 

dered state [74] . 
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hous structures. Such inhomogeneous and metastable structures 

re very common in superheated liquid metals when cooled with 

ifferent cooling rates. Understanding the geometrical characteris- 

ics of such metastable atomic structures and their evolution ver- 

us temperature has been a long-time and very important research 

opic in condensed matter physics and materials science disciplines 

or well over a century. 

In this aspect, Brodova et al. [11] demonstrated that above 

he liquidus and dependent on the level of superheating, there 

s a gradual structure transformation in the liquid metals. Such 

tructure inhomogeneity (or heterogeneity) is reflected in the SRO 

nd/or MRO atomic clusters which in turn greatly affect the sub- 

equent crystal nucleation and solidified structures [59–61] . This 

erves as the new theoretical framework for understanding crystal- 

ization. Recent experimental [62–66] and simulation studies [67–

1] have revealed progressively that, in the liquid state, the atomic 

tructures are not isotropic and homogeneous. It may have more 

omplex and heterogeneous structures with local spatial regions 

f different geometrical characteristics and mobility [ 62 , 72 , 73 ]. For

xample, in 2010, Kawasaki and Tanaka [74] revealed that a super- 

ooled colloidal liquid is actually not homogeneous, but has tran- 

ient medium-range structural order. They found nucleation pref- 

rentially took place in regions of high structural order via wetting 

ffects, which reduce the crystal–liquid interfacial energy signifi- 

antly and thus promote crystal nucleation. Fig. 3 illustrates how 

CC crystal nucleated in a supercooled state of the hard-sphere 

colloidal) system. The bond orientational order before crystal nu- 

leation ( t = t ′ ) is characterized by HCP-like symmetry (red atoms 

n Fig. 3 (a–c); the red dot on the Q4 − Q6 map), whereas the crys- 

als nucleated have a mixed character of HCP and FCC-like order 

the green atoms in the simulation box and green dots on the 

ap). When t = t ’ + 60 ns , the pre-ordered atoms (red) connect 
183
ith each other, forming MROs. The crystallinity degree ( Q4 ) of the 

ystem increased as well as the lattice match degree ( Q6 ), forming 

he primary nuclei. Hence, nucleation is a multi-step process prior 

o the formation of a new crystal. 

The conventional view of an isotropic single atomic structure in 

he liquid state is an over-simplistic model, even a single element 

iquid may exhibit more than two distinct liquid states. The tran- 

itions between these different liquid states are characterized as 

liquid-liquid transitions’ (LLT) [3] , which may be characterized by 

he evolutions of the SRO and/or MRO atomic clusters versus tem- 

erature (or pressure). The transition within the liquid state may 

ead to changes or variations in some of the physical properties, 

.g., viscosity [ 75 , 76 ], internal friction [77] , magnetic susceptibility 

 78 , 79 ], etc. Therefore, it is paramount to understand the mecha- 

isms and to elucidate the influence of LLT on the nucleation pro- 

ess. 

Some studies indicate that LLT in the liquid state might in- 

uce unexpected modifications in the degree of undercooling 

 79 , 80 ]. They demonstrated that at a higher superheat tempera- 

ure, thermal-induced diffusion intensifies, leading to more uni- 

ormly distributed alloying elements [40] . The homogenization of 

elt is often accompanied by the dissolution of atomic clusters, 

eading to a higher effective undercooling. An increase in under- 

ooling leads to the formation of a supersaturated solid solution of 

he alloying elements. During the cooling of a superheated melt, 

he LLT may occur, producing more ordering in the liquid phase. 

Nevertheless, no direct experimental observation of the clus- 

ers’ behavior in superheated bulk liquid metals has been reported. 

eal-time synchrotron X-ray and neutron diffraction experiments 

re crucial for providing the experimental evidence, in particular, 

he statistic information for the local liquid structure, e.g., pair dis- 

ribution function, mean bond length and coordination number, 

tc. The development of precise models for liquid structures, par- 

icularly in systems exhibiting LLT, is paramount for advancing the 

asic understanding. 

.2.3. Atomic structure evolution versus temperature and onset of 

rystal nucleation 

For most metallic materials, especially the man-made techni- 

al alloys that have been designed and developed so far, the pri- 

ary goal of studying their atomic structures in the liquid states is 

o provide a scientific understanding of how such structures influ- 

nce the atomic structures during the liquid-to-solid phase trans- 

ormation processes and ultimately the structures in the solid state 

hich determine the final properties and/or functionalities of the 

aterials [11] . 

When a liquid metal is cooled down below its melting temper- 

ture, its structure may undergo two possible transformations: vit- 

ification or crystallization [81] (see Fig. 4 ). Vitrification is when 

he liquid structure is “frozen” into the solid state and main- 

ains the random atom arrangement from the liquid state. In 1836, 

ouis Gay-Lussac first observed the vitrification phenomenon [82] . 

e discovered the phenomenon of supercooling when water was 

ound to maintain its liquid structure at a temperature below the 

reezing point. Almost a century later, in 1938, Luyet [ 83 , 84 ] pub-

ished the first report and defined the term “vitrification”. 

Crystallization is a multi-step phase transition process with sev- 

ral stages: transitioning from a disordered amorphous structure to 

 pre-ordered structure, and the development of stable crystal nu- 

lei that grow into an ordered (or distorted) lattice structure. This 

ntire process is governed by the thermodynamic driving forces 

ithin the system. It is a dynamic process to move towards a lower 

nd stable energy state. 

The well-established Classical Nucleation Theory (CNT) de- 

cribes the formation of nuclei from the dynamic and stochastic 

ssociation of monomeric units (e.g., ions, atoms, or molecules) 
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Fig. 4. (a) The relationship of enthalpy (or volume) versus temperature of a liquid melt during the crystallization or vitrification (glassy transition) process at different 

cooling rates ( Tk : Kauzmann temperature, Tg : glass transition temperature, Tm : fusion temperature) [85] . (b) The transition pathway of “vitrification” and “crystallization”. 

Fig. 5. (a) An icosahedron with two nearest-neighbors of its 20 tetrahedra shown in red and green; (b) a unit cell of the FCC structure with the representation of 3 of the 8 

tetrahedra made of (1 1 1) planes and �110 �edges (in green) and one stacking fault induced by the attachment of one tetrahedron (in red) [96] . 
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hat overcome a free-energy barrier at a critical nucleus size and 

row out to a mature bulk phase in a homogeneous liquid [86–

8] . In the crystallization pathway, to overcome the energy barrier 

or initiating crystal nuclei, the liquid needs to be undercooled be- 

ow its equilibrium melting temperature. However, more and more 

xperiments [62–65] and computational studies [67–70] have indi- 

ated that liquid structure is not homogeneous, it may have more 

omplex and heterogeneous structures with local spatial regions 

f different geometrical characteristics and mobility [ 11 , 62 , 72 , 73 ].

ence, understanding the dynamics of the disordered-to-ordered 

tomic structure transition in liquid metal systems at different 

hermodynamic conditions has been one of the central topics in 

ondensed matter physics and materials science [ 74 , 89 , 90 ]. The

ompetition between crystallization and vitrification is driven by 

any factors, including cooling rate, alloy compositions, and inher- 

nt stability of the liquid [91] . 

.2.4. Atomic structure at the liquid-solid solidification front 

After a solid crystal appears in the liquid, a liquid-solid inter- 

ace forms with its local structural orderings between those of 

he crystal and liquid, adding interfacial energy that arises from 

onfigurations entropy difference between the liquid and crystal 

92] . This often leads to a higher nucleation barrier and there- 

ore higher degree of undercooling needed for nucleation to oc- 

ur [92] . In 1950, Turnbull [93] demonstrated that metallic liq- 

ids could be cooled far below their equilibrium melting tem- 

erature without crystallization, suggesting a large energy barrier 

oes exist in the formation of an ordered phase. This observation 

hallenged Fahrenheit’s assumption [94] that the barrier separat- 
184
ng liquid and crystal phases in metals and alloys was small. In 

952, Frank [95] proposed that the undercooled metallic liquids 

ave distinct local atomic structures with a significant degree of 

cosahedral short-range order (ISRO) (see Fig. 5(a) ), which is in- 

ompatible with the extended periodicity of crystals (see the unit 

ell example in Fig. 5(b) ). Compared to crystal structures, such as 

he Face Centred Cubic (FCC) and Body Centred Cubic (BCC) struc- 

ures, the icosahedron has better rotational symmetry and more 

onds. Therefore, in a cluster of 13 atoms, the icosahedron is a 

ore energy-favorable geometrical arrangement than crystal struc- 

ures, and it could be the dominant structure in monatomic liq- 

ids [96] . Such local structural difference between liquid and solid 

ould result in a big configuration entropy difference and creates a 

arrier to crystal formation, explaining the observed undercooling 

ehaviour. 

.2.5. Atomic structure of liquid at a heterogenous solid surface 

In 20 0 0, Reichert et al. [97] studied the structure of liquid Pb 

n a solid Si (0 0 1) surface (i.e., at the Si-Pb interface) by syn-

hrotron X-ray diffraction at 600.6 K (10 K above its melting point). 

ig. 6 shows a five-fold local symmetry of the liquid Pb at the Si 

0 0 1) surface, providing the first direct experimental evidence for 

he existence of ISRO in liquid metals. Since then, ISRO was re- 

orted in undercooled Ni, Fe, and Zr liquids [24] . The above results 

onfirmed Frank’s hypothesis that ISRO does exist in undercooled 

iquids. 

In 2003, Kelton et al. [28] observed the development of the 

SRO in liquid Ti39.5 Zr39.5 Ni21 during cooling, which reduced the 

ucleation barrier for the primary quasicrystal phase with five- 
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Fig. 6. (a) A synchrotron X-ray beam ( E = 71.5 keV, 8 μm spot size) penetrates the 

cylindrical Si solid ( r = 20 mm) from one side and impinges at grazing angles on 

the Pb–Si interface. For incidence angles below the critical angle of total internal 

reflection ( αc = 0.041 °), the incident beam is totally reflected. (b) Enlarged area 

in the cylindrical interface, showing a specially designed ultrahigh vacuum (UHV) 

in situ diffraction chamber, the liquid Pb and the Si (001) surface are cleaned in 

UHV and then brought into contact at a temperature 10 K above the melting point 

of Pb. (c) Upper (pentagonal) half of the Pb icosahedron captured by the potential 

landscape of the primitive Si (001) surface [97] . 
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old symmetry. Such phase was metastable and would transfer to 

 stable crystal phase with further cooling. This was the first ex- 

erimental evidence to link metastable ISRO to the crystal nucle- 

tion of a solid phase. After that, simulations on pure metals (Al 

98] , Fe [99] , Ni [ 71 , 100 , 101 ], and Zr [102] ) and binary alloy sys-

ems (Cu50 Zr50 [102] and Ni50 Al50 [ 102 , 103 ]) have also confirmed 

he presence of pre-ordered liquid atom clusters in the liquid state, 

hich act as the precursors of crystal nuclei, facilitating nucleation 

r polymorphous development in the crystallization processes. 

. Experimental techniques for studying liquid metal structures 

.1. A brief overview of the development of synchrotron X-rays 

Because of the opaqueness of liquid metals, high-energy X- 

ays, especially the high brilliance synchrotron X-rays, are the most 

ommonly used techniques for studying atomic structures of liq- 
Fig. 7. Historical development of X-ray sources 

185
id metals [3] . In 1968, the first dedicated synchrotron light source 

ommenced operations at the Synchrotron Radiation Center, Tanta- 

us, USA [104] , marking the start of the era of synchrotron X-rays 

n all scientific disciplines. 

The 1st generation synchrotrons had been built primarily for 

onducting high-energy particle physics experiments, while syn- 

hrotron light experiments were performed parasitically. In 1980, 

he first of the 2nd generation synchrotrons was built in the 

aresbury Laboratory in the UK [106] . The 2nd generation of syn- 

hrotrons was solely dedicated to the production of synchrotron 

-rays by using bending magnets and the X-rays have been used 

n almost all scientific disciplines ever since. In 1994, the Eu- 

opean Synchrotron Radiation Facility (ESRF) in Grenoble, France 

ecame the first operational 3rd generation X-ray source in the 

orld by exploiting the advantages of the special magnet arrays 

o optimize the intensity of the light produced. Together with 

he Advanced Photon Source (APS) at Argonne National Labora- 

ory in the USA and the Spring-8 near Kyoto in Japan, these 

rd generation synchrotrons have revolutionized X-ray science in 

elds from nuclear physics to cultural heritage. Currently, there 

re more than 50 synchrotron light sources in the world (op- 

rational, or under construction) [107] , including Shanghai Syn- 

hrotron Radiation Facility (SSRF) in China, Diamond Light Source 

DLS) in the UK, SOLEIL in France, ALBA in Spain and NSLS-II in 

he US. In 2019, the ESRF started to upgrade to become the 4th 

eneration synchrotron source characterized by an ultra-low emit- 

ance that approaches the diffraction limit, and thus called Ex- 

remely Bright Source (EBS) [108] . The 4th generation synchrotrons 

re capable of producing much more intense and tunable X-ray 

eams with brilliance and coherence one again by a factor of 

00 [109] . The X-rays at these modern synchrotrons bridge the 

ap between visible light and electron microscopy, i.e., they give 

ull access to study changes within heterogeneous atomic assem- 

lies from ∼1012 atoms down to only a few atoms; all of this 

ith spatial and temporal resolutions that approach a few atoms 

n space (nanometre to angstrom scale) and inter-atomic motion 

n time (nanosecond to femtosecond scale) respectively. Such in- 

redible resolution and range in space and time are made possi- 

le by the absolutely impressive and never-ending improvements 

n the brightness, spectral range, and degree of spatial and tem- 

oral coherence and resolution of accelerator-based X-ray sources. 

uring the last ∼50 years peak-brightness has increased up to 22 
and their X-ray brilliance over time [105] . 
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Fig. 8. (a) A schematic set-up of the in-situ synchrotron XRD experiment [112] . By azimuthal integration (along ϕ) of the Debye-Scherrer rings (2D diffraction data), 1D 

diffractograms were obtained. (b) Comparison of XRD patterns of brick fragments from a laboratory X-ray source ( λ = 1.79 Å, c. 3 h data collection, intensity multiplied by 

15) and synchrotron X-ray source ( λ = 0.9534 Å, c. 1 h data collection) [113] . The quality of the XRD data produced from the synchrotron source was far superior to the 

laboratory source, both in terms of resolution and intensity. (c) A schematic set-up of in-situ synchrotron XAS measurement [114] . (d) Typical XAS spectrum with XANES 

and EXAFS regions identified. 
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rders of magnitude when compared to conventional laboratory 

ources [110] . 

When an X-ray beam is illuminating a material, its interactions 

ith the material can generate useful information that is specific 

o this particular type of material. By collecting the information 

enerated via different mechanisms, e.g., by scattering, transmis- 

ion, or absorption using appropriate detectors, and then analyzing 

hose data according to the well-established governing laws and/or 

atabases, the structural and chemical information of the material 

an be determined. Here, we describe briefly the methods and as- 

ociated instruments relevant to the research of liquid metals. 

.1.1. Synchrotron X-ray diffraction 

Similar to the conventional laboratory X-ray diffraction (XRD), 

ynchrotron XRD works on the same principle of Bragg’s law. 

ig. 8(a) shows that, in the diffracted 1D spectrum or 2D patterns, 

he constructive interferences (the sharp diffraction peaks – Bragg 

eaks) diffracted by crystal planes of the measured sample crys- 

al lattice contain the averaged information about the long-range 

tomic structures in the scattering volume [111] . Fig. 8(b) shows 

hat, due to the extremely high flux, tunable and well-defined 

avelength, and better collimation of synchrotron radiation, Syn- 

hrotron XRD has much better sensitivity and higher resolution for 

he diffraction peaks than conventional laboratory XRD. 
186
.1.2. Synchrotron X-ray total scattering 

Synchrotron X-ray total scattering (SXTS) spectrum contains the 

omplete scattering pattern, including both Bragg and diffuse in- 

ormation [111] . In addition to the Bragg information, diffuse scat- 

ering in the patterns mainly arises from an irregular arrangement 

f atoms on the lattice sites that may contain some short-range 

rdering of the site occupancies or from the disordered arrange- 

ent of vacancies, interstitials, or impurity atoms [ 115 , 116 ]. There- 

ore, data reduction, background subtraction, and noise signal cor- 

ections are crucial for extracting the correct structural information 

rom the scattering data, ensuring accurate and consistent analyses 

mong different sam ples and experimental conditions. By far, the 

ig limitation of high energy X-ray diffraction (scattering) is the 

apidly decaying X-ray form factor signal compared to the back- 

round contribution (i.e., Compton scattering) at high- Q values, 

aking the accurate extraction of SX ( Q ) over the widest accessible 

 -range problematic. At the highest Q -values, e.g., > 30 Å–1 , small 

orrections of less than one percent from the source, sample, and 

etector become magnified, leading to higher statistical and sys- 

ematic errors, such that accurate normalization in absolute units 

ecomes increasingly difficult [117] . 

.1.3. Synchrotron X-ray absorption spectroscopy 

Compared to the usual diffraction (scattering) methods, X-ray 

bsorption spectroscopy (XAS), an absorption method, has the ad- 
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Fig. 9. (a) A schematic representation of X-ray pulses from the LCLS that are focused onto a continuously flowing microjet of crystals suspended in liquid [121] . (b) A 

schematic set-up of the world-first official XFEL megahertz imaging user experiment was conducted in September 2022 at the EuXFEL, studying the highly transient phe- 

nomena of ultrasonic cavitation dynamics with 25 fs exposure time per scan [122] . 
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antage of providing information with respect to the local atomic 

rrangement around a specific atomic species by examining the 

lectronic transitions of inner shell electrons of a central atom 

 3 , 118 ]. By varying the incident X-ray energy across an absorp-

ion edge, the X-ray absorption near-edge structure (XANES) and 

xtended X-ray absorption fine structure (EXAFS) are recorded. 

ANES yields information on the unoccupied valence states and 

he local geometry, while EXAFS provides structural details on the 

ocal environment around the X-ray absorber [114] . It can be ap- 

lied in diverse external conditions, including variations in tem- 

erature, pressure, and more. It is not limited to crystalline ma- 

erials but can also be used for amorphous systems, glasses, qua- 

icrystals, disordered films, membranes, solutions, liquids, metallo- 

roteins, and even molecular gases [119] . Fig. 8 (c, d) shows that, 

y measuring the absorption cross-section of that element as a 

unction of incident energy, valuable insights regarding the valence 

tate and atomic configuration of the target element can be ob- 

ained. Therefore, XAFS is always an effective method no matter 

hether the atoms in the system are periodic or not [3] . 

.1.4. X-ray free-electron laser 

In 2009, a new generation of X-ray sources commenced with 

he establishment of the Linac Coherent Light Source (LCLS) at 

tanford. Fig. 7 compares the peak brightness as a function of pho- 

on energy between conventional lasers, synchrotron X-ray sources, 

nd XFEL sources. As the first operational X-ray free-electron laser 

XFEL) facility ( Fig. 9 ), XFEL provides X-ray beams with peak bril- 

iance approximately 10 orders of magnitude greater than the syn- 

hrotrons of the day [120] . 

The extremely high brightness enables time-resolved experi- 

ents in XFELs to capture the dynamics of chemical reactions, 
187
tructural changes in materials, and biological processes [123] . In 

ddition, it is able to produce trains of pulses with durations of 

 few fs to a few tens of fs, which is three orders of magnitude

horter than the pulse lengths produced by synchrotrons, allow- 

ng scientists to investigate ultrafast processes at the atomic and 

olecular levels [ 122 , 124 ]. 

However, currently, the most information that can be reliably 

xtracted from an X-ray experiment from the isotropic glasses or 

iquid metals is the one-dimensional distribution function from 

hich the three-dimensional structure cannot be directly gener- 

ted. The X-ray data therefore represent an average overview of the 

tructure from which only the first few peaks in the pair distribu- 

ion function can typically be used to extract accurate atom-atom 

istances and coordination numbers [117] . 

.2. Electron based techniques 

Due to the lack of long-range order and transient movement of 

toms in liquid metals, it is very challenging to conduct any sensi- 

le experimental investigation directly into the 3D atomic struc- 

ure of liquid metals. In contrast, metallic glass is in a “frozen”

tate, maintaining an amorphous or non-crystalline structure due 

o the rapid cooling or quenching process. This stable solid state 

s “easier” for studying the local atomic structure. High-resolution 

ransmission electron microscopy (HRTEM) is commonly used to 

nvestigate atomic structure, while such information is limited to 

wo-dimensional representations [125] . 

In the past two decades, significant advancements have been 

ade in the determination of the three-dimensional local struc- 

ure of metallic glass. One is angstrom-beam electron diffraction 

ABED), which was developed by Hirata et al. [126] in 2013. With 
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Fig. 10. ABED characterization of icosahedral order in metallic glasses [126] . (a) Experimental procedure of ABED of an icosahedral cluster. (b) Simulated ABED patterns of 

an ideal icosahedron. (c) Comparison between experimental and simulated ABED patterns of icosahedral clusters in a Zr80 Pt20 metallic glass. 
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n electron beam of 0.36 nm diameter (see Fig. 10 ), they success- 

ully captured diffraction patterns from sub-nm volumes within a 

etallic glass, which show some, but not all, of the expected fea- 

ures of an icosahedron [126] . 

In 2016, significant advances have been made in the field of 

tomic electron tomography (AET) led by Miao’s group [ 127 , 128 ],

nabling the precise determination of 3D structures of disordered 

ystems at atomic resolution. Fig. 11 shows the schematic layout 

f AET. It illustrated that the reconstructed amorphous Ta film 

nd Pd1 nanoparticle [106] , with the real three-dimensional atomic 

tructure, enables the precise identification and separation of crys- 

alline atoms within the sample. 

. The modeling and simulation techniques 

The structures and interatomic interactions in the liquid state 

an be described statistically by using the Pair Distribution Func- 

ion (PDF) obtained from diffraction or absorption experiments. In 

988, the first PDF measurements were conducted to study the 

ocal structure of quasicrystals, initially with measurements using 

nomalous X-ray diffraction [ 130 , 131 ] and then neutron diffrac- 

ion [132] . Since then, new diffractometers using (1) neutrons (2) 

ynchrotron X-ray, and (3) electrons have been developed, provid- 
188
ng opportunities for a deeper understanding of metallic materials’ 

tructures. 

.1. Pair distribution function 

Fig. 12 shows a schematic illustration of how the total PDF is 

uilt up by finding atoms at a specific distance, r , from the ref- 

rence atom at the origin [133] . Depending on the research fields, 

ometimes, PDF is also called radial distribution function (RDF) or 

air correlation function [134] . Normally, it takes three steps to get 

he g(r) from a total scattering experiment. First, to obtain the raw 

cattering data via synchrotron or neutron experiments. Second, to 

educe the raw data to obtain the structure factor S(Q ) ( Q is the

avevector). Finally, the PDF g(r) can be obtained by the Fourier 

ransform of S(Q ) . PDFs have been widely used in many research 

elds in which different mathematic formulas were often used to 

mphasize particular physical features or structural characteristics 

135] . 

The spatial resolution PDF is directly linked to the maximum 

alue of Q , (i.e., Qmax ) in scattering experiments. Qmax is pro- 

ortional to the maximum scattering angle and inversely propor- 

ional to the wavelength of the radiation used (usually > 20 Å–1 ). 

herefore, to achieve the largest possible Qmax and attain maxi- 



S. Huang, K. Xiang and J. Mi Journal of Materials Science & Technology 203 (2024) 180–200

Fig. 11. (a) Schematic layout of AET [127] . Experimental 3D atomic model of an amorphous (b) Ta film (a) and a (c) Pd1 nanoparticle [129] with surface crystal nuclei in 

grey. Scale bars: 2 nm. 

Fig. 12. A schematic illustration of how the total PDF is constructed by finding atoms at a distance, r , from the reference atom at the origin. (a) Circles indicate distances 

of neighboring atoms relevant to the reference atom in 2D view. (b) Corresponding peaks in the radial distribution function in the same color. The total PDF is obtained by 

repeating this process systematically by placing each atom at the origin [136] . 

189
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Fig. 13. (a) A typical atomic configuration equilibrated in the liquid state at 1143 K by AIMD simulation (La: green, Al: blue, and Ni: red). (b) Temperature-dependent 

diffusion coefficient (c) Total PDFs, coordination number, and (d) average ˆ W6 of all three elements and ˆ W6 of individual elements at different temperatures [157] . 
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um resolution in the PDF, total scattering experiments typically 

mploy the shortest practicable radiation wavelength, usually less 

han or equal to 0.5 Å. Such short radiation wavelengths are read- 

ly available at neutron sources like Institut Laue–Langevin (ILL) in 

renoble, France, or ISIS in the UK, as well as at synchrotron X-ray 

ources (e.g., ESRF and DLS). 

In PDF analysis, the structure of liquid is generally described 

n terms of two-body correlation functions, that is, the structure 

actors and the PDFs. The structure factor refers to the two-point 

orrelation function of the microscopic density; the PDF refers to 

he two-point correlation function of variation of density as a func- 

ion of distance from a reference particle. For the two-body corre- 

ation, the PDF technique can provide insights into the average in- 

eratomic distances, coordination environments, and certain struc- 

ural features. On a microscopic level, particles in liquids can ex- 

ibit short- and medium-range order. The length scale of these two 

tructural orderings can be quantified by the peak position analy- 

is. Medium-range order (MRO), typically on a length scale of 5–

0 Å, refers to structural ordering in amorphous systems beyond 

he nearest neighbor distances (SRO, typically within 5 Å) [137] . 

ne of the most famous local structures directly revealed by PDF 

s the splitting of the second peak in the PDF, such phenomenon 

ften indicates the appearance of local structure order in colloidal 

ard spheres and metallic glasses system [138] . Many researchers 

lso found in the cooling process of liquid metal, the peak height 

f PDF always becomes higher, which is a sign that the liquid is 

ecoming more and more ordered upon cooling [139] . 
190
.2. Molecular dynamics modeling 

Based on the experimentally measured data, several compu- 

ational methods have been developed in the past 40 years to 

odel or reconstruct the 3D atomic models [ 140 , 141 ]. In this as-

ect and relevant to this research field, the Reverse Monte Carlo 

RMC) [142–144] , Empirical Potential Structure Refinement (EPSR) 

 145 , 146 ], Density Function Theory (DFT), and ab initio Molecu- 

ar Dynamics (AIMD) [ 99 , 103 , 147–151 ] methods have been widely 

sed. 

Currently, first-principle DFT and AIMD methods [ 152 , 153 ] are 

sed to calculate the atomic configuration of binary or ternary 

etallic glasses or high-entropy alloys. However, the DFT method 

s difficult to deal with a system containing five or more elements, 

nd the AIMD method is limited to small systems (normally a few 

undred atoms) and a short period of time ( ∼10–100 ps) [154] . 

urthermore, although the RMC fitting method is often used to 

ecouple the partial PDFs with large systems (several thousand 

toms) [144] , it does not have the physical meaning [155] and al- 

ays runs into difficulties when attempting to decouple all partial 

DFs in multi-component alloys. Only simulations of pure or bi- 

ary alloy systems, e.g., Ni [ 71 , 100 , 101 ], Zr [156] , Cu50 Zr50 [156] ,

nd Ni50 Al50 [ 103 , 156 ] were attempted to track such transition 

orming simple, stable BCC or FCC phases. 

For example, Xu et al. [157] proposed the presence of an LLT 

n the glass-forming La50 Al35 Ni15 melt ( Fig. 13 ) above its liq- 

idus temperature at 1143 K modeled by AIMD simulation. The 
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Fig. 14. The non-classical crystallization process of NiAl was revealed by molecular dynamics (MD) simulations [103] . 

Fig. 15. (a) Snapshots of a crystal growth simulation of silicon using molecular dynamics. (b) The local structure (atoms in yellow) surrounding a central atom (green) is 

encoded using a set of 21 radial structure functions. (c) Atomic trajectory during crystallization as encoded by the time-evolution of local-structure fingerprints. (d) Cross 

section of a snapshot of the initial stages of silicon growth. Liquid atoms are colored according to their softness value [148] . 

191
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Fig. 16. The X-ray [159] (a, b) and neutron [160] (c, d) total structure factors S(Q ) (a, c) and total PDFs D ( r ) (b, d) of liquid alumina ( D ( r ) is adopted to align with the original 

work), obtained with a Qmax of 20.0 Å−1 . Each panel compares the measured data (points) to the EPSR and MD simulation results (solid black lines). 
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Fig. 17. Histogram of the frequency density of the ˆ W6 cubic invariant monitoring 

the local geometry around each atom in undercooled liquid Cu. The histogram re- 

lated to the FCC solid Cu, limited to a very narrow region around –0.013161 (value 

for a ‘‘perfect’’ FCC 13-atom cluster), is shown for comparison (scaled by a factor of 

100) [165] . 
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emperature-dependent diffusion coefficient of La50 Al35 Ni15 liquid 

 Fig. 14(b) ) shows qualitative changes around 1043 K. It can also 

e seen that the total PDFs and coordination numbers ( Fig. 13(c) ) 

o not show any noticeable change versus temperature, indicating 

hat the change of density in the liquid metals varies very little 

ver the investigated temperature range. Therefore, it can be con- 

luded that the observed LLT in the present La-based alloy system 

s not a density-driven phase transition but bond orientational or- 

er change. Below 1050 K, the system goes through a temperature 

egion where the individual ˆ W6 changes significantly until 10 0 0 K 

 Fig. 13(d) ). 

Fig. 14 shows that in the liquid Ni50 Al50 , the stable B2 crystal 

hase forms in a non-classical nucleation pathway, where BCC-like 

re-orders formed in the supercooled liquid share the same sym- 

etry with the stable B2 crystal phase, whereas the other crystal- 

ike pre-orders (FCC-like and HCP-like) are negligible [103] . Freitas 

t al. [148] applied a machine learning-assisted MD method for the 

onstruction of a structural quantity (namely softness) that cap- 

ures the propensity for atomic rearrangements to occur in disor- 

ered atomic environments. Fig. 15 shows strong spatial correla- 

ions and fluctuating heterogeneities in the reconstructed atomic 

tructure, which have been found to be favorable locations for 

rystal nucleation according to recent studies [ 148 , 158 ]. 

In the EPSR method, the Lennard-Jones potentials plus Coulomb 

harge interactions are used as a starting reference potential, 

hich captures the fact that atoms are not hard spheres and can 

e squashed up against each other (the r12 part of the potential). 

n a longer range, the induction forces come from the correlated 

otion of the electrons in the system (the r6 part of the poten- 

ial). These potentials are the simple background interactions that 

llow the EPSR refinement to proceed, i.e., to move the position 

f the atoms in 3D space under a fixed bulk density of the sys- 

em. On top of this, the empirical potential is then added as a per-

urbative force to capture the corrections that are required to put 

he positions of the atoms into agreement with the experimentally 
t

192
etermined atomic PDFs through the distance-dependent modifica- 

ions to the interaction potentials. The EPSR simply aims to put the 

uclear centers of the model atoms into positions consistent with 

he interpretation of neutron or X-ray scattering theory, one of the 

est understood and physically robust experimental tests that have 

een derived by modern science. 

For example, Fig. 16 shows the comparison of the structural fac- 

ors and PDFs of liquid Alumina at the selected temperatures ob- 

ained from synchrotron X-ray [159] and neutron [160] total scat- 
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Fig. 18. (a) Static structure factor S ( q ) for (a) Zr80Pt20 liquid at 1607, 1474, 1345, 1217, 1090, and 978 °C. The insets show the evolution of S ( q ) with decreasing temperature 

for (b) the primary peak, (c) the second peak, and (d) the pre-peak (indicated with an arrow in the total structure factor). (e) The prominent Honeycutt and Andersen indices 

for the RMC liquid structure as a function of temperature, showing that all liquid structures are dominated by icosahedral (1551) and distorted icosahedral (1431 + 1541) 

order [167] . 
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ering. The diffraction patterns have been fitted with EPSR mod- 

ls and compared to classical MD simulation results. Both EPSR 

nd MD simulations reveal a direction of the temperature depen- 

ence of the aluminate network structure which moves further 

way from the glass-forming ideal during supercooling. 

The scattered intensity of the structure factor from neutron and 

ynchrotron differs a lot. In contrast, the modeled results by EPSR 

nd molecular dynamics method agreed very well with the exper- 

mental data. In addition, other relatively new methods such as 
Fig. 19. The cooling curves and solidification structures of Sn57 Bi43 

193
DFFIT [161] and “Liga” [162] have been used in simulating nanos- 

ructured solids like C60 [163] and ferrihydrite [164] according to 

DF data. 

. The research advances in different alloy systems 

In 2003, Kelton’s group [28] used in-situ synchrotron XRD mea- 

urements combined with the ESL technique at 6-ID-D of the APS 

o experimentally demonstrate for the first time that ISRO in the 
alloy in (a, c) 30 min at 923 K; (b, d) 30 min at 1143 K [168] . 
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Fig. 20. The Sc -centred Al atom clusters in the Al-0.4Sc melt at (a) 690 °C, (b) 665 °C, and (c) 657 °C respectively extracted from the EPSR models. (d) An enlarged view of 

a Sc -centred Frank-Kasper polyhedron with a coordination number of 12 for the Al-0.4Sc melt at 690 °C. (e) Four different types of MROs formed by sharing the Al-Al bond, 

vertex, edge, and face between the neighboring clusters. (f) The coordination number distribution of the Sc atoms in the Al-0.4 Sc melts at 690, 665, and 657 °C respectively. 
(g) the average coordination number and average bond length of the Al- Sc atom pair as a function of temperature [170] . 
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iquid and undercooled liquid metals, as well as its effects on the 

ubsequent nucleation events. Since then, understanding the local 

tomic structure of liquid metals and their evolutions with tem- 

erature has been the central topic of metallurgical research. The 

ey findings and most important progress made in numerous pure 

etals and metal alloy systems are described and discussed in this 

ection. 

.1. Pure metals 

In 2004, Lee et al. [29] studied the ISRO structures in under- 

ooled pure liquid metals Ti and Ni using the same experimental 

echnique as Kelton et al. [28] . The results show that although the 
194
RO of liquid Ni was icosahedral, significantly distorted ISRO was 

bserved in liquid Ti. This is the first experimental observation of 

istorted ISRO in liquid metals. 

Cicco et al. [165] studied the local structure of liquid and under- 

ooled liquid Cu using XAFS and theoretical simulation methods of 

ndercooled Lennard-Jones liquids. The analyses show that the ˆ W6 

istribution is very broad and includes a region (shaded area in 

ig. 17 ) corresponding to distorted nearly icosahedral clusters, and 

he fraction of such configurations in undercooled Cu is about 10 %. 

Xiong et al. [166] studied the temperature-dependent atom- 

stic structure evolution of liquid gallium (Ga) using in situ high- 

nergy XRD experiments and AIMD simulations. Both experimen- 

al and theoretical findings indicate a structural change in liq- 
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id Ga around 10 0 0 K. Below and above this temperature, the 

iquid exhibits variations in activation energy for self-diffusion, 

emperature-dependent heat capacity, coordination numbers, den- 

ity, viscosity, electric resistivity, and thermoelectric power. They 

ound that these variations are reflected in structural changes re- 

ated to the bond-orientational order parameter Q6 , the fraction of 

ovalent dimers averaged string length, and local atomic packing. 

.2. Binary metal systems 

In 2011, Mauro et al. [167] studied the SROs and MROs in 

r80Pt20 liquid metals using the beamline ESL technique. The ex- 

stence of a pre-peak at q = 1.7 Å–1 in the structure factor of 

r80 Pt20 liquids indicated MRO in the liquid. Besides, the MRO re- 

ained relatively unchanged with cooling ( Fig. 18(d) ). By using 

MC simulation, they found that the pre-peak arose from a Pt- 

t correlation among Zr-centered clusters that had icosahedral and 

istorted-icosahedral symmetries. The icosahedral MROs differ sig- 

ificantly from the SROs observed in nucleating crystalline phases, 

esponsible for elevating both interfacial energy and the nucleation 

arrier. 

In 2016, Li et al. [168] investigated the effect of LLT on the 

icrostructures of Sn57 Bi43 alloy. They melt two samples in an 

lectrical resistance furnace for 30 min at 923 K (sample A) and 

143 K (sample B), respectively. The results show that when solid- 

fying from the melt experiencing the LLT, the melt structure tran- 

ition can lead to a higher degree of undercooling, higher nucle- 
ig. 21. The matrix of spatial correlation index Cij of three types (crystal-like, mixed, and

ated liquids at 9 °C above the liquidus temperature [171] . 

195
tion rate, and change of morphology ( Fig. 19 ). The eutectic struc- 

ure in Sn57 Bi43 alloy is refined obviously, and the spacing of eutec- 

ic phase decreases obviously. They proposed that when the liquid 

xperiences LLT, Sn-rich clusters start to either break up or disin- 

egrate into smaller ones, and the nucleation of the phase Sn–Bi 

ill be more difficult at high temperatures and will happen until a 

arger undercooling, which results in a higher nucleation rate and 

he refined Sn–Bi solidification structure. Additionally, after LLT, the 

elt has more consistent structures. This prompts eutectic phases 

o grow at lower temperatures [168] . Such refinement effects of so- 

idification structures are also observed in Bi–Sb10 wt.% alloy in a 

imilar manner [169] . 

In 2022, Huang et al. [170] studied the evolutions of 3D local 

tomic structures of the Al and an Al-0.4Sc alloy melts from liquid 

o liquid-solid coexisting state using synchrotron X-ray total scat- 

ering (SXTS) and EPSR modeling. Fig. 20 shows that, in the liq- 

id state, ISRO Sc -centred Al polyhedrons form, and most of them 

ith Al coordination number of 10–12. As the melt is cooled to 

 semisolid state, the polyhedrons become more connected atom 

lusters via vertex, edge, and face-sharing. These polyhedrons ex- 

ibit partially icosahedral and partially FCC symmetry. The MRO 

c -centred clusters with face-sharing are proved to be the “precur- 

ors” for the Al3 Sc phases in the liquid-solid coexisting state. 

In the same year, Li’s group [171] investigated the local atomic 

tructure of Al-Ni, Al-Bi [172] , Al-Cu-La [173] , and Al-Zn-Cr [174] 

lloy systems above the liquidus temperature using high-energy 

ynchrotron XRD in the beamline BL13W1 of SSRF, coupled with 
 icosahedral-like) clusters. Cij includes Cij (Ni–Ni) , Cij (Al–Al) , and Cij (Al–Ni) of the investi- 
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Fig. 22. (a) Snapshots of the spatial distribution around Cr atoms in an Al-20Zn-10Cr alloy at the temperature of 15 °C above the liquidus. The red, green, and blue circles 
represent Al, Zn, and Cr atoms, respectively. Extended icosahedral clusters linked by (b) vertex-, (c) edge-, and (d) intercross-shared atoms. (e) IMRO structure is composed 

of 1 perfect icosahedral and 7 icosahedral-like clusters. It contains 96 Al, 2 Zn, and 15 Cr atoms, which results in a local composition of Al84.96 Zn1.77 Cr13.27 , which is close to 

the Al45 Cr7 intermetallic phase with several five-fold symmetry [174]. 

Fig. 23. (a, c) Coordination number variation with the addition of Sr in Al-3 %Si and Al-10 %Si alloy as a function of melting temperature. (b, d) Liquid atomic packing 

density variation with the addition of Sr in Al-3 %Si and Al-10 %Si alloys at various melt temperatures [175]. 

196
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MC and AIMD simulations. For example, in the Al-Ni alloy system, 

hey observed a strong interconnection of central atoms among 

he Ni-Ni icosahedral-like clusters in the Ni10 Al90 , Ni20 Al80 , and 

i35 Al65 (at%) alloy liquids (marked as black dot rectangles in 

ig. 21 ), stimulating the intermetallic formation. 

.3. Ternary metal systems 

While in the Al-Zn-Cr alloy system, adding Cr is found to hin- 

er the formation of Al-centered ISRO and enhance the formation 

f Zn-centered ISRO. Abundant ISRO or patterns with high five- 

old symmetry are observed around the chromium atoms. Addi- 

ionally, the spatial correlation between Al and Zn atoms under- 

oes a substantial change due to the addition of chromium. Al- and 

r-centered with five-fold symmetry strongly tend to aggregate to- 

ether to form MROs. Fig. 22 shows that, through the linkage of 

ertex-, edge- and intercross-shared types of the Cr-centered icosa- 

edra or icosahedra-like clusters the icosahedral MRO are formed 

n the liquids, which have similar compositions to the Al45 Cr7 in- 

ermetallic phase, and therefore are considered to be precursors for 

ucleation in the subsequent cooling. These findings may provide 

tructural hints of the quasicrystal-enhanced nucleation mecha- 

ism. 

Besides, Srirangam et al. [175] studied the effects of the ad- 

ition of 0.04 wt.% Sr on the liquid structures of Al-Si alloys in 

011. Fig. 23 shows that, with the addition of Sr in the liquid al- 

oys, the atomic coordination number and packing density increase 

ith decreasing temperature and decreasing Si content of the alloy. 

dditionally, adding strontium (Sr) to these alloys delays or hin- 
ig. 24. (a) Three typical Fe-centred superclusters in the Al-5Cu-1.5Fe-1Si alloy liquid. 

ROs in Al-1.5Fe, Al-5Cu-1.5Fe, and Al-5Cu-1.5Fe-1Si alloys prior to crystallization (750–6

y different connection modes. (c) Variation of different supercluster connection modes

chematic of Fe-centred MROs evolution pathway [176]. 

197
ers atom clustering near nucleation temperatures. This is more 

ronounced in the eutectic alloy, which forms inter-dendritic liq- 

id compositions during the final stages of solidification. When 

r is added to the eutectic alloy, insufficient atom clustering at 

he eutectic temperature may result in undercooling of the inter- 

endritic liquid. This triggers the spontaneous crystallization of the 

i phase on the primary Al phases, acting as heat sinks during the 

olidification process. 

.4. Multi-component metal systems 

For multi-component alloys, understanding of how complex 

hases are nucleated in a multicomponent liquid (or semi liquid) 

s still a great challenge. The complexity and dynamic coupling 

mong the multiple elements increases drastically for simulation 

nd for experiments. Affinities between different chemical species 

ust be considered carefully since they induce multiple different 

hemical orders and stabilize complex solid phases. 

In 2023, Huang et al. [176] studied the atomic structures of 

ulti-component Al-5Cu-1.5Fe-1Si alloy system in the liquid state 

nd their dynamic evolution versus temperature by combining 

ynchrotron X-ray total scattering and EPSR modeling methods. 

ig. 24(a) shows three typical Fe-centred superclusters extracted 

rom the simulation box of the 3 alloy melts. The superclusters 

re connected with the Fe-centered SRO via five different connec- 

ion modes, which are by sharing the Al-Al bonds (BS), vertex (VS), 

dge (ES), face (FS), and tetrahedra (TS) between the neighbor- 

ng clusters. Clearly, the BS is the main connection mode in all 3 

elts. Fig. 24(c) reveals that the fraction of Fe-centred MROs con- 
(b) The corresponding fractions of the five connection modes for the Fe-centred 

32 °C). The insets show the 3D configuration of the Fe-centred MROs constructed 

 of Al-5Cu-1.5Fe-1Si alloys versus temperature during the cooling process. (d) A 
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ected by BS decreases, while both ES and FS increase gradually 

uring cooling. This phenomenon indicates that during the cool- 

ng process, the Fe-centred MROs become more compact, resulting 

n gradual changes in the connection modes. Therefore, the author 

roposed one possible transition pathway that the BS-connected 

ROs evolve into those connected by VS and ES, and then into 

he MROs connected by FS. Finally, the multiple Fe-centred clusters 

inked by the FS connection with the nearest Fe atoms will act as 

recursors for nucleation of the monoclinic Al13 Fe4 phase. Hence 

he crystal nucleation starts with the formation of MRO clusters 

ith similar structures to the subsequently nucleated crystal. 

. Summary and outlook 

In summary, in the past 30 years or so and since the de- 

elopment and wide availability of the powerful synchrotron X- 

ays, research on studying the liquid metal atomic structures has 

een accelerated and major advances have been made in eluci- 

ating heterogeneous structures in bulk liquid, liquid surface, and 

iquid-solid interfaces for numerous pure metals and metal alloys 

ystems. Combining the advanced Synchrotron X-ray experimen- 

al techniques and suitable molecular dynamic modeling methods, 

igh-fidelity 3D liquid metal atomic structures can be built that 

gree well with the experimental measurement. However, difficul- 

ies and challenging scientific issues remained, for example, di- 

ect experimental observations of the structural heterogeneity in 

 superheated, non-equilibrium, and fast cooling condition are still 

ery difficult. It is very challenging to track experimentally and re- 

rieve real-time dynamic evolution of the intermediate states of 

tomic structures and how they facilitate the onset of crystal nu- 

leation especially in undercooled conditions. This is mainly due to 

he required atomic-scale spatial resolution and the ns-fs second- 

ime resolution for the probing beams and the associated detec- 

ors. In this aspect, the exceptionally high brightness of the XFEL 

s an ideal source for exploring time-resolved experiments with 

ime resolution of tens of femtoseconds. Using XFEL, it is possible 

o image phase nucleation from femtosecond onwards, obtaining 

he missing data at the critical liquid-solid phase nucleation pro- 

esses [120] . For resolving the 3D atomic structures of multiple- 

omponent alloys, complementary simulation and modelling meth- 

ds (i.e., DFT, AIMD, and EPSR) need to be used. Simulation and 

odeling need to be run with a much larger simulation box that 

an handle and process hundreds of thousands of atoms or even 

illions of atoms in order to approach the reality. Recently, the ISIS 

eam has just made Dissolve (a new code based on the EPSR) avail- 

ble for users to simulate ever-increasing complex systems with 

eterogeneous structures. Dissolve employs a full classical force 

eld and can accommodate multi-configuration simulations with 

illions of atoms. In companying with the fast advance in high- 

erformance computing and computational materials science. Re- 

earch in this field will advance at a speed never seen before, re- 

olving the long-standing scientific and technological issues in this 

eld in the foreseeable future. 
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121–132 . 

[39] A. SALLES, Lasers, levitation and machine learning make 

better heat-resistant materials. https://www.anl.gov/article/ 
lasers- levitation- and- machine- learning- make- better- heatresistant- materials . 

[40] E. Okress, D. Wroughton, G. Comenetz, P. Brace, J. Kelly, J. Appl. Phys. 23 
(1952) 545–552 . 

[41] H. Weis, D. Holland-Moritz, F. Kargl, F. Yang, T. Unruh, T. Hansen, J. Bednarčik,
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