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An atomistic study of the structural changes in a Zr-Cu-Ni-Al glass-forming liquid on vitrification monitored in-situ by X-ray diffraction and molecular dynamics simulation

Introduction

The high glass-forming ability (GFA) of some alloy compositions allowed production of bulk metallic glasses (BMGs) (also called glassy alloys) in the thickness range of 1-100 mm using various casting processes [START_REF] Suryanarayana | Bulk metallic glasses[END_REF][START_REF] Louzguine-Luzgin | Metallic glasses and those composites[END_REF]. Zr-based BMGs are among the best metallic glass-formers known to date [START_REF] Suryanarayana | Bulk metallic glasses[END_REF][START_REF] Louzguine-Luzgin | Metallic glasses and those composites[END_REF][START_REF] Petrzhik | On conditions of bulk and surface glass formation of metallic alloys[END_REF] which thermal stability is also good [START_REF] Louzguine-Luzgin | On long-term stability of metallic glasses[END_REF]. Formation of a glassy phase in both Zr-Cu and Zr-Ni alloys is strongly enhanced by the addition of Al thus forming ternary and quaternary bulk metallic glasses with good glass-forming ability [START_REF] Suryanarayana | Bulk metallic glasses[END_REF][START_REF] Louzguine-Luzgin | Metallic glasses and those composites[END_REF][START_REF] Petrzhik | On conditions of bulk and surface glass formation of metallic alloys[END_REF][START_REF] Louzguine-Luzgin | On long-term stability of metallic glasses[END_REF][START_REF] Molokanov | Glass forming ability, structure and properties of Ti and Zrintermetallic compound based alloys[END_REF]. The atomic structure of these BMGs at room temperature was studied in detail [START_REF] Sato | Effect of Al on local structures of Zr-Ni and Zr-Cu metallic glasses[END_REF][START_REF] Antonowicz | Atomic structure of Zr-Cu-Al and Zr-Ni-Al amorphous alloys[END_REF].

Liquids retain their volume as crystals but flow under the action of gravity [ 8 , 9 ]. They constantly undergo a restructuring of the atomic structure [START_REF] Angell | Relaxation in liquids, polymers and plastic crystals-strong/fragile patterns and problems[END_REF][START_REF] Egami | Real-space description of dynamics of liquids[END_REF]. Above the equilibrium liquidus temperature (T l ) and slightly below it metallic melts show nearly Arrhenius-type temperature dependence of viscosity ():
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where  0 is a pre-exponential factor, R is the gas constant and E a is an activation energy [START_REF] Gale | Smithells Metals Reference Book 8-th[END_REF]. However, on cooling below the liquidus temperature, starting from a crossover temperature [START_REF] Blodgett | Proposal for universality in the viscosity of metallic liquids[END_REF], they exhibit a non-Arrhenius temperature dependence on viscosity which is known as fragility of liquids [START_REF] Angell | Relaxation in liquids, polymers and plastic crystals -strong/fragile patterns and problems[END_REF][START_REF] Hu | Liquid fragility. A key to going deep into materials of glassy states[END_REF].

Here one should mention that anomalous variation in a liquid viscosity in the vicinity of T l and above it was observed for Fe- [START_REF] Popel | Microheterogeneity of liquid metallic solutions and its influence on the structure and properties of rapidly quenched alloys[END_REF][START_REF] Dahlborg | Structure and properties of some glass-forming liquid alloys[END_REF] and Zr-based glass-forming alloys [START_REF] Polukhin | Presolidification changes in the structural-dynamic characteristics of glass-forming metallic melts during deep cooling, vitrification, and hydrogenation[END_REF] as well as for Al-based crystalline alloys [START_REF] Popel | Conditions for the formation of metastable phases during crystallization of Al-Zr alloys[END_REF]. The authors stated that liquid metallic alloys can have various structural states and significant overheating is required to dissolve clusters inherited from the solid state and to reach equilibrium liquid structure. The existence of liquid-liquid transitions in deeply supercooled state found for water [START_REF] Mishima | The relationship between liquid, supercooled and glassy water[END_REF], molecular liquids [START_REF] Katayama | A firstorder liquid-liquid phase transition in phosphorus[END_REF][START_REF] Kobayashi | The reversibility and first-order nature of liquid-liquid transition in a molecular liquid[END_REF] (confirmed by computer simulation [START_REF] Morishita | Liquid-liquid phase transitions of phosphorus via constant-pressure first-principles molecular dynamics simulations[END_REF]) and even metallic glasses [START_REF] Stolpe | Structural changes during a liquid-liquid transition in the deeply undercooled Zr 58.5 Cu 15.6 Ni 12.8 Al 10.3 Nb 2.8 bulk metallic glass forming melt[END_REF] should also be taken into account when describing fragility.

The inverse temperature -logarithmic viscosity plot [START_REF] Laughlin | Viscous flow in simple organic liquids[END_REF][START_REF] Angell | Formation of glasses from liquids and biopolymers[END_REF] with some limitations [START_REF] Louzguine-Luzgin | On limitations of the viscosity versus temperature plot for glass-forming substances[END_REF][START_REF] Ikeda | Analysis and characterization of the transition from the Arrhenius to non-Arrhenius structural relaxation in fragile glass-forming liquids[END_REF] is a very useful illustration of the difference between so-called "strong" and "fragile" liquids [ 29 , 30 ].

Fragility is also related to the glass-forming ability of BMGs [START_REF] Senkov | Correlation between fragility and glass-forming ability of metallic alloys[END_REF][START_REF] Louzguine-Luzgin | Role of different factors in the glass-forming ability of binary alloys[END_REF] (with some argumentation [START_REF] Johnson | Quantifying the origin of metallic glass formation[END_REF]) partly because stronger liquids, in general, have a higher viscosity in the entire temperature range from T l down to T g . There are also experimental results which indicate correlation between liquid fragility and vibrational properties of the glass below T g [START_REF] Scopigno | Is the fragility of a liquid embedded in the properties of its glass?[END_REF]. The fragility index (m) [START_REF] Johnson | Quantifying the origin of metallic glass formation[END_REF][START_REF] Kim | Manipulation of thermal and mechanical stability by addition of multiple equiatomic rare-earth elements in Al-TM-RE metallic glasses[END_REF] of the supercooled liquid is calculated slightly above the glass-transition temperature (T g ) as a derivative:

m=dlog()/d(T g /T) (2).
Another way of representation of fragility is a famous Vogel-Fulcher-Tammann-Hesse equation [START_REF] Suryanarayana | Bulk metallic glasses[END_REF]:

= 0 exp[D*T 0 /(T-T 0 )] ( 3 
)
where  0 , D (as an indicator of the fragility) and T 0 are the fitting parameters. This equation is widely used but describes the temperature dependence of viscosity well only in an intermediate temperature region [START_REF] Kawamura | Newtonian viscosity of supercooled liquid in a Pd 40 Ni 40 P 20 metallic glass[END_REF]. While some other equations make a better representation of the entire viscosity plot [START_REF] Cohen | Liquid-glass transition, a free-volume approach[END_REF][START_REF] Ojovan | Ordering and structural changes at the glass-liquid transition[END_REF] they have a larger number of fitting parameters which physical meaning could be less clear.

On the other hand fragility can be expressed by the ratio of the activation energies for viscous flow in the equation (1) at low (E L ), (close to T g ) and high (E H ) temperature region (slightly above T l ) [START_REF] Ojovan | Viscous flow and the viscosity of melts and glasses[END_REF][START_REF] Sanditov | Relaxation aspects of the liquid-glass transition[END_REF]:

R D = E L /E H (4).
Other methods are also used to describe and separate thermodynamic and kinetic fragility [START_REF] Kelton | Kinetic and structural fragility -A correlation between structures and dynamics in metallic liquids and glasses[END_REF].

Metallic glasses exhibit structural changes in the supercooled liquid state and such changes are found to be responsible for the liquid fragility. A relatively fragile Pd 42.5 Cu 30 Ni 7.5 P 20 melt (its fragility index m is close to 60 [START_REF] Fan | Thermodynamics, enthalpy relaxation and fragility of the bulk metallic glass-forming liquid Pd 43 Ni 10 Cu 27 P 20[END_REF]) during cooling was studied by using the real-space pair distribution function (G) (which is a reduced radial distribution function (RDF)) [START_REF] Louzguine-Luzgin | Comparative analysis of the structure of palladium-based bulk metallic glasses prepared by treatment of melts with flux[END_REF] and compared to the results obtained by the first-principles calculations. As a result strong correlation between the structural changes and the variation of viscosity was observed in the supercooled liquid [START_REF] Louzguine-Luzgin | Structural basis for supercooled liquid fragility established by synchrotronradiation method and computer simulation[END_REF]. The rate of structural rearrangements on cooling was enhanced in the supercooled liquid close to T g . It was also demonstrated for Ni-Nb-Ta [START_REF] Mauro | Structural evolution in Ni-Nb and Ni-Nb-Ta liquids and glasses -A measure of liquid fragility?[END_REF] and other [START_REF] Mauro | A structural signature of liquid fragility[END_REF][START_REF] Gangopadhyay | Recent progress in understanding high temperature dynamical properties and fragility in metallic liquids, and their connection with atomic structure[END_REF] liquid alloys.

Structural changes, thermal expansion and volume changes (structural relaxation) in Zr-based metallic glasses upon heating [START_REF] Yavari | Excess free volume in metallic glasses measured by X-ray diffraction[END_REF][START_REF] Mizuno | High-energy x-ray diffraction study of liquid structure of metallic glass-forming Zr 70 Cu 30 alloy[END_REF] and cooling [START_REF] Qu | Undercooling behavior of Zr-Cu-Ni-Al bulk metallic glasses investigated by in situ synchrotron high energy X-ray diffraction[END_REF] were studied by synchrotron X-ray radiation diffraction and transmission electron microscopy [START_REF] Louzguine | Formation of a nanoquasicrystalline phase in Zr-Cu-Ti-Ni metallic glass[END_REF][START_REF] Aronin | Nanocrystallization of bulk Zr-Cu-Ti metallic glass[END_REF]. Recently it was shown that even scanning tunneling microscopy allows achieving atomic scale resolution for metallic glasses [START_REF] Belosludov | The atomic structure of a bulk metallic glass resolved by scanning tunneling microscopy and ab-initio molecular dynamics simulation[END_REF].

Zr-Cu(Ni)-Al alloys are among the most studied bulk metallic glasses [START_REF] Louzguine-Luzgin | Exceptionally high nanoscale wear resistance of a Cu 47 Zr 45 Al 8 metallic glass with native and artificially grown oxide[END_REF]. A detailed study on vitrification of a ternary Zr 60 Cu 30 Al 10 alloy was performed recently in-situ by high energy synchrotron radiation X-ray diffraction from above the liquidus T l to room temperature [START_REF] Georgarakis | Probing the structure of a liquid metal during vitrification[END_REF]. Short (SRO) and medium range order (MRO) develop significantly during cooling the liquid phase to the glassy state.

Significant glassy structure and volume changes are found during severe plastic deformation [START_REF] Gunderov | High pressure torsion induced structural transformations in Ti-and Zr-based amorphous alloys[END_REF] and rolling [START_REF] Abrosimova | Influence of deformation on the structural transformation of the Pd 40 Ni 40 P 20 amorphous phase[END_REF]. Structural changes in Cu-Zr [START_REF] Mendelev | Experimental and computer simulation determination of the structural changes occurring through the liquid-glass transition in Cu-Zr alloys[END_REF][START_REF] Lekka | Clustering, microalloying and mechanical properties in Cu/Zr-based glassy models by molecular dynamics simulations and ab-initio computations[END_REF] and Cu-Zr-Al glasses [START_REF] Cheng | Alloying strongly influences the structure, dynamics, and glass forming ability of metallic supercooled liquids[END_REF] were also studied by MD computer simulation.

Here we study the atomic structure changes in a relatively strong Zr 55 Cu 30 Ni 5 Al 10 glass-forming liquid (one of the best glass-formers [START_REF] Yokoyama | Production of Zr 55 Cu 30 Ni 5 Al 10 glassy alloy rod of 30mm in diameter by a cap-cast technique[END_REF]) on vitrification and compare the results with those obtained for fragile metallic glasses. Its measured fragility parameter m for this liquid varies from about 45 [START_REF] Yamasaki | Viscosity measurements of Zr 55 Cu 30 Al 10 Ni 5 and Pd 40 Cu 30 Ni 10 P 20 supercooled liquid alloys by using a penetration viscometer[END_REF][START_REF] Qiao | Mechanical relaxation in a Zr-based bulk metallic glass: Analysis based on physical models[END_REF] to 29 [START_REF] Haruyama | Comparison of structural relaxation behavior in as-cast and pre-annealed Zr-based bulk metallic glasses just below glass transition[END_REF] but it is lower than that obtained for the Pd-Cu-Ni-P one studied earlier.

Experimental Procedure

An ingot of the Zr 55 Cu 30 Ni 5 Al 10 alloy (the composition is given in nominal atomic percentage) was prepared from pure metals of more than 99.9 mass% purity using the arc-melting method.

Thermal stability of the samples was tested using a differential scanning calorimeter (DSC).

In-situ X-ray diffraction experiments were carried out at the European Synchrotron Radiation Facility (ESRF). The incident beam wavelength was 0.1245 Å (100 keV). Diffraction spectra were acquired in transmission mode by a 2D detector. An aerodynamic levitation setup [START_REF] Hennet | Aerodynamic levitation and laser heating: applications at synchrotron and neutron sources[END_REF] was used to heat up, melt and cool down the metallic glass spheres in situ under synchrotron radiation. Prior to experiments, the levitation chamber was first evacuated down to 10 -5 mbar and then filled with the levitation gas. The spheres were levitating by high purity argon (containing less than 0.01 mass ppm O2) flowing through an aluminum nozzle and melted using two CO 2 laser beams. Two pyrometers were used to record the temperature while temperature values below 620 K were calculated.

Diffraction intensities were recorded during cooling with a time resolution of 100 ms. The radial intensities were integrated over 90 degrees (1/4 of the entire halo) to obtain one-dimensional spectrum and enhance the signal to noise ratio. The accuracy of the temperature values is estimated at ±10 K for the data above 900 K and better than ±7 K below 900 K.

After necessary corrections the measured intensity was converted to electron units per atom with the generalized Krogh-Moe-Norman method [START_REF] Waseda | The structure of non-crystalline materials[END_REF]. The density value of 6800 kg/m 3 for the alloy was obtained from Ref. [START_REF] Haruyama | Volume and enthalpy relaxation in Zr 55 Cu 30 Ni 5 Al 10 bulk metallic glass[END_REF]. The total structure factor S(Q) and the interference function Qi(Q) (Q = 4sinθ/λ, θ is the diffraction angle) were obtained from the coherent scattering intensity by using atomic scattering factors. The radial distribution RDF(R) and pair distribution functions PDF(R) and G(R) were obtained by the Fourier transform of Qi(Q) [START_REF] Waseda | The structure of non-crystalline materials[END_REF]. The maximum scattering vector (Q) value obtained was 250 nm -1 . However, as the noise level at high Q values was rather high the Fourier

Transform was performed only until 150 nm -1 . Termination of the Fourier Transform at higher Q max values was found to increase the noise of G(r) without any positive effect on the curves.

The atomic structure of the Zr 55 Cu 30 Ni 5 Al 10 alloy in both liquid and glassy states was also modeled using the first-principles molecular dynamics simulation. The calculations were performed using density functional theory based pseudopotential plane-wave method as implemented in VASP code [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF]. The atomic configuration was modeled within a cubic supercell consisting of 500 atoms.

The spin polarized generalized gradient corrected Perdew-Burke-Ernzerhof exchange-correlation functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] and the projector augmented wave method [START_REF] Blöchl | Projector augmented-wave method[END_REF] were used in order to accurately describe the interaction between the ion and electron. The Brillouin zone integrations were carried out using the -point. At the first step, the random atomic structure was melted at 2000 K for a total of 10 ps. After that, the obtained system in liquid state was additionally equilibrated for 10 ps at 1400 K and 1000 K. The additional volume relaxations were performed for these structures using stress tensor calculation. In order to obtain the structures at lower temperatures owing to slower relaxation the cell obtained at 1000 K was cooled down to 800 K and then to 500 K with a cooling rate of 2×10 14 K/s.

The volume optimization was done for structures at 800 K and 500 K. After cell optimizations, all structures were equilibrated again for 2.5 ps at the same temperatures, respectively. The calculation of electron density of states were performed using enlarged Brillouin zone of 6 × 6 × 6 in order to get denser electron coverage.

Results and discussion

The alloy sample was heated up, melted and then cooled down at about 85 K/s (average cooling rate) from 1335 K (T l ~ 1150 K) to 388 K and the alloy vitrified [START_REF] Haruyama | Volume and enthalpy relaxation in Zr 55 Cu 30 Ni 5 Al 10 bulk metallic glass[END_REF]. The measured intensity and the structure factor profiles obtained at two temperatures are shown in Fig. 1a. The glasstransition temperature measured by DSC at the heating rate of 0.67 K/s was about 680 K. This value is close to those found in the earlier works [START_REF] Haruyama | Volume and enthalpy relaxation in Zr 55 Cu 30 Ni 5 Al 10 bulk metallic glass[END_REF][START_REF] Sergiienko | Investigation of Zr 55 Cu 30 Al 10 Ni 5 bulk amorphous alloy crystallization[END_REF]. 

PDF(R)=G(R)/(4 0 R)+1, ( 5 
)
where  0 is the atomic number density, are also shown in Fig. 1c. In order to separate influence of different atomic pairs the G(R) peaks were fitted with the several Gaussian functions. Fitting of four G(R) maxima (the baseline was corrected to make both outermost points of each coordination shell maximum be equal to zero) using 7 Gaussian peak functions produced a reasonable correspondence with the original G(R) plot (Fig. 2a). The temperature dependence of the center of mass positions of 5 th and 6 th peaks (3 th coordination shell) indicates linear thermal contraction on cooling with a linear thermal expansion coefficient (a l ) of 2.810 -5 K -1 in the liquid and of 1.110 -5 K -1 in the glassy state (Fig. 2b). These values are quite close to those obtained by density measurements [START_REF] Haruyama | Volume and enthalpy relaxation in Zr 55 Cu 30 Ni 5 Al 10 bulk metallic glass[END_REF]. Opposite to the peaks related to other coordination shells (3 rd , 4 th , etc...) P1 and P2 of the first coordination shell shift to higher values on undercooling (Fig. 3a,b) as was found earlier for the Pd-Cu-Ni-P [START_REF] Mattern | Structural behavior of Pd 40 Cu 30 Ni 10 P 20 bulk metallic glass below and above the glass transition[END_REF][START_REF] Georgarakis | Variations in atomic structural features of a supercooled Pd-Ni-Cu-P glass forming liquid during in situ vitrification[END_REF], Pd-Si [START_REF] Louzguine-Luzgin | Atomic structure changes and phase transformation behavior in Pd-Si bulk glass-forming alloy[END_REF], Cu-Zr [START_REF] Mattern | Temperature dependence of the short-range order of Cu 65 Zr 35 metallic glass[END_REF], Zr-Cu-Ni-Al [START_REF] Tong | Structural evolution and strength change of a metallic glass at different temperatures[END_REF], Fe-B [START_REF] Louzguine-Luzgin | Structural changes in liquid Fe and Fe-B alloy on cooling[END_REF], many other alloys [START_REF] Gangopadhyay | Anomalous thermal contraction of the first coordination shell in metallic alloy liquids[END_REF] as well as for pure metals [START_REF] Lou | Negative expansions of interatomic distances in metallic melts[END_REF]. On cooling the present Zr-Cu-Ni-Al liquid alloy exhibits contraction in 3 rd (P5 and P6) and 4 th (P7) coordination shells (Fig. 2b). The peak position in the 2 nd coordination shell, in general, did not change with temperature. Although P3 and P4 move in opposite directions (Fig. 3c) the average center of mass value of P3 and P4 is about 0.54 nm in the entire temperature range. As it has been already mentioned before, seven Gaussian function peaks represent very well the entire shape of G(R) (Fig. 2a). However, in the earlier works it was shown that owing to a complex asymmetrical shape of the first peak the maximum of G(R) does not necessarily characterize all interatomic distances and the entire shape of the first peak should be taken into consideration [START_REF] Ding | Temperature effects on atomic pair distribution functions of melts[END_REF][START_REF] Sukhomlinov | Determination of accurate mean bond lengths from radial distribution functions[END_REF].

As one can see in Fig. 1b On subsequent heating of the glassy sample vitrified on cooling, the change of slope of temperature dependence of the first and second peaks (P1 and P2) takes place at about 500 K (see supplementary data, please) indicating densification of the glassy phase. This temperature corresponds well to the temperature of beginning of structural relaxation of the glassy phase on heating.

As in case of the Pd-Cu-Ni-P alloy studied earlier [START_REF] Louzguine-Luzgin | Structural basis for supercooled liquid fragility established by synchrotronradiation method and computer simulation[END_REF] AP1/AP2 (the area under P1 divided by the area under P2) ratio is nearly constant in the equilibrium liquid state. However, it changes on cooling in the supercooled liquid state (Fig. 3a). It indicates that the number of Zr-Cu and Zr-Ni atomic pairs increases on cooling below T l owing to chemical ordering.

It is important to note that the changes in AP1/AP2 ratio (APR) for the Zr 55 Cu 30 Ni 5 Al 10 liquid alloy from T l to T g (the ratio in Fig. 3 On cooling there is a change in partial pair distribution functions position fitted by the Gaussian function, background subtracted. The results for two major atomic contributions are shown in Table 1.

One can see the shift of Zr-Cu and Zr-Zr peaks to a higher R value on cooling. Intensification of both Zr-Zr and Zr-Cu peaks (area) is also observed. The Voronoi polyhedral analysis was also applied to the cells. However, owing to small cell sizes no systematic variation in coordination numbers of the polyhedral clusters is found with temperature except for Ni with CN=12. The number of Ni-centered clusters with CN=12 increased from 5 to 10 and to 12 on cooling from 1400 to 500 K. This is in line with intensification of the Ni PDOS peak in Fig. 6 indicating formation of Ni-centered clusters. 

Conclusion

Fig. 1 .

 1 Fig. 1. (a) The experimental structure factor S(Q) at 1335 and 388 K calculated from the corresponding XRD intensity profile after the necessary corrections. (b) three typical G(R) functions and (c) three typical PDF(R) functions. Violet arrows (upward) show intensification of two sub-peaks responsible for Zr-(Cu,Ni) and Zr-Zr atomic interactions in the first coordination shell and two subpeaks at 0.5 and 0.58 nm in the second coordination shell. The arrow focusing downward-left indicates a decrease in the number of high R value interatomic distance on cooling.

Fig. 2 .

 2 Fig. 2. Fitting of four G(R) maxima (black curve) from 0.23 to 1.15 nm obtained at 501 K using seven Gaussian functions related to P1 -P7 (as indicated) (a). The baseline was subtracted prior to fitting according to the minima at about 2.2, 4, 6.7, 9 and 11.5 A. The inset shows R i 50 value at which two areas A1 and A2 (purple and green) are equal. The positions of P5 and P6 as a function of temperature (b). The intensity difference between the G(R) curves at 501 and 1335 K before the baseline correction (c).

Fig. 3 .

 3 Fig. 3. Positions of P1 and P2 in the first coordination shell (a) and the ratio of the corresponding peak areas (AP1/AP2) (b) as a function of temperature (a,b) and inverse temperature in (b). The positions of P3 and P4 as a function of temperature (c). The arrows in (a and c) indicate Yaxes corresponding to the data while the arrows in (b) indicate the corresponding X-axes. The insert in (a) is schematic representation of atomic redistribution within and between the first and higher order coordination shells leading to continuous structure changes in metallic liquids on heating and cooling leading to redistribution of the atomic number density as indicated by the red double side arrow.

  , in addition to intensification of 4 sub-peaks marked with arrows, there is a decrease in the fraction of high R value atomic pairs in the first coordination shell (from 0.35 to 0.4 nm, see downward-left arrow) on cooling which is missed when the baseline is corrected. Nevertheless the Gaussian fitting peaks positions represent the most probable interatomic distances. Also, although the positions of the maxima in the first coordination shell are strongly influenced by the asymmetry of the interatomic potentials (steeper slope at lower R) no shift is observed in the average atomic position ((P3+P4)/2) in the 2 nd coordination shell which is less affected by the potential. Also, the area under the first maximum (see Fig.2a) after the baseline correction was integrated and the point corresponding to 50 % of the integrated area (R i 50 ) (the areas of under the curve below (A1) and above this value (A2) are equal as shown in Fig. 2a,inset) was found in a wide temperature range below the liquidus temperature. As a result on cooling the R i 50 position changes insignificantly from 0.303 to 0.304 nm. The change in R i 50 is smaller than those obtained by the Gaussian fitting (Fig. 3a) but the tendency is same -larger R i 50 values are found at lower temperatures. On the other hand integration of the total area under P1 and P2 in the first coordination shell of the radial distribution function (RDF) at 501 K indicates the coordination number (CN) of 13.3, a local RDF maximum (RDF m ) at 0.317 nm and R i 50 =0.312 nm, while at 1335 K CN=13.0, RDF m = 0.313 nm and R i 50 =0.315 nm. Opposite variation in RDF m and R i 50 also indicate structural modification in the liquid phase on cooling. Owing to chemical and size similarity between Cu and Ni this quaternary alloy can be considered as a pseudo ternary Zr-(Cu,Ni)-Al one. Then, there are 6 atomic pairs in the studied alloy with distinct interatomic distances. The interatomic distances in the first coordination shell correspond to the sums of the Goldschmidt atomic radii of r Zr =0.160 nm, r Cu =0.128 nm, r Ni =0.125 nm and r Al =0.143 nm [84]. The first sub-peak (P1) in the first coordination shell corresponds to the nearest Zr-(Cu,Ni) distances (r Zr+Cu =0.288 nm) while the second sub-peak (P2) mostly corresponds to that of Zr-Zr pair (r Zr+Zr =0.320 nm) (Figs. 2a and 3a). The experimental peak position values are slightly lower than those predicted by the sum of the Goldschmidt atomic radii owing to formation of chemical bonds. Zr-Al interatomic distances are also closer to the value for the second peak and modify its position. These findings imply the possible structural changes and atomic redistributions within and between the coordination shells as schematically shown in the inset of Fig. 3a. Several clusters are located around the central one. The atoms which are considered as the solute-centering are black while surrounding atoms are white. Red circles schematically illustrate the first, second and third atomic coordination shells. Red arrow indicates permanent atomic number density redistribution between the corresponding shells on cooling. One should keep in mind that such a planar representation of the atomic structure is oversimplification and can be redrawn by using any other atom as the central one because any atom in the structure is a center of its own atomic cluster with a unique atomic arrangement, interatomic distances and a certain number of nearest neighbors. G(R) indicates statistically average atomic structure where maxima correspond to the most popular interatomic distances. Nevertheless this picture gives a visual representation of the structural processes occurring in a metallic fluid on cooling.

Fig. 4 .

 4 Fig. 4. G(R) calculated by using ab-initio MD simulation. The curves were smoothed over 10 points.

Fig. 5 .Fig. 6 .

 56 Fig. 5. Partial PDF(R) functions obtained by computer simulation at 1400 K (liquid state) (a,b) and 500 K (glass state) (c,d).

  According to the results, strong chemical ordering forming Zr-Cu,Ni, Zr-Al and Zr-Zr atomic pairs takes place in the Zr 55 Cu 30 Ni 5 Al 10 supercooled liquid alloy on cooling below the liquidus temperature. However, here the change in the Zr-Cu,Ni peak area to other peaks area ratio (APR and APR n ) is smaller than in case of the Pd-Cu-Ni-P alloy studied earlier (Cu,Ni-P to other peaks) in accordance with a lower fragility index of the Zr 55 Cu 30 Ni 5 Al 10 melt. It is concluded that fragility is a sign of instability of short and medium range order in fragile liquids. MD simulation was found to support the observed structure variation as a function of temperature and indicated intensification of Zr-Cu, Zr-Al and Zr-Zr interactions on cooling.

  is 0.30/0.12=2.5) are smaller in the absolute values compared to those found in the Pd 40 Cu 30 Ni 10 P 20 liquid alloy (0.09/0.02=4.5)[START_REF] Louzguine-Luzgin | Structural basis for supercooled liquid fragility established by synchrotronradiation method and computer simulation[END_REF]. The AP1/AP2 ratio values normalized per Kelvin (APR n ) according to the supercooled liquid region on cooling (T l -T g ) are 0.005 (APR n =2.5/530 K -1 ) and 0.017 (APR n =4.5/270 K -1 ), respectively. This fact is in line with a lower fragility of the Zr 55 Cu 30 Ni 5 Al 10 melt compared to that of the Pd 40 Cu 30 Ni 10 P 20 one. Continuous structural changes in the supercooled liquid leading to the formation of atomic clusters likely change the activation energy for viscous flow, and thus, determine fragility of this glass-forming liquid through the equations (1 and 4).Fragility of liquids also correlates with the difference in the specific heat capacity (C p ) at T g between the liquid and glassy phases[START_REF] Klein | Excess thermodynamic properties of glassforming liquids: The rational scaling of heat capacities, and the thermodynamic fragility dilemma resolved[END_REF]. The Zr 55 Cu 30 Ni 5 Al 10 has C p values for liquid (C p ) phases at T g of about 38 and 28 J/molK, respectively, [ 86 ] while these values for the Pd 42.5 Cu 30 Ni 7.5 P 20 alloy are 45 and 28 J/molK, respectively [87]. Thus, C p l-g values of 10 and 17 J/molK for Zr 55 Cu 30 Ni 5 Al 10 and Pd 42.5 Cu 30 Ni 7.5 P 20 alloys, respectively, also correlate with a larger fragility of the latter alloy. As melting enthalpy of Zr 55 Cu 30 Ni 5 Al 10 is close to 7.5 kJ/mol and the liquidus temperature is about 1150 K [72,73], its melting entropy (ΔS m ) is about 6.5 J/Kmol. The resulted thermodynamic fragility m t parameter calculated using the formula: For an alloy close in composition to the Pd 42.5 Cu 30 Ni 7.5 P 20 one melting enthalpy is close to 5 kJ/mol [88] which gives ΔS m of 6.1 J/Kmol. The resulted m parameter is 104. If one uses ΔS m of 8.03 J/Kmol [89] then m=79 which is still higher than m=58 found for the Zr 55 Cu 30 Ni 5 Al 10 alloy.

		l ) and glassy
	(C p g	
	m t =37.5ΔC p /ΔS m	(5)
	[85] is 58.	

Table 1 .

 1 Position and area of two Zr-Zr and Zr-Cu peaks at two temperatures.

	Temperature, K		Zr-Zr		Zr-Cu
		R, nm	Area	R, nm	Area
	1400 K	0.3185	0.788	0.2850	1.022
	500 K	0.3225	0.850	0.2860	1.094
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