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Metallic melts above the liquidus temperature exhibit nearly Arrhenius-type temperature

dependence of viscosity. On cooling below the equilibrium liquidus temperature metallic melts

exhibit a non-Arrhenius temperature dependence of viscosity characterized by liquid fragility

phenomenon which origin is still not well understood. Structural changes and vitrification of the

Pd42.5Cu30Ni7.5P20 liquid alloy on cooling from above the equilibrium liquidus temperature are

studied by synchrotron radiation X-ray diffraction and compared with the results of first-principles

calculations. Subsequent analysis of the atomic and electronic structure of the alloy in liquid and

glassy states reveals formation of chemical short-range order in the temperature range

corresponding to such a non-Arrhenius behavior. The first-principles calculations were applied to
confirm the experimental findings.

I. INTRODUCTION

Metallic melts above liquidus temperature show nearly

Arrhenius-type temperature dependency of viscosity. On

cooling below the equilibrium liquidus temperature they ex-

hibit a rapid rise in viscosity and non-Arrhenius temperature

dependence of viscosity characterized by the fragility of the

liquid.1 The origin of fragility of glass-forming liquids is

being actively studied at present.2,3 Covalent silicate glasses

have a network structure which is stable within the super-

cooled liquid. Metallic glasses in general possess non-direc-

tional metallic bonds character, and thus, may exhibit rapid

changes in the atomic order in the supercooled liquid state

which, however, has not been clearly demonstrated yet for

metallic glasses partly because of their relatively low stabil-

ity against crystallization.

High glass-forming ability (GFA) achieved for some

alloy compositions allowed production of bulk metallic

glasses in the thickness range of 1–100 mm using various

casting processes.4–6 When subjected to flux treatment Pd-Ni-

P (Ref. 7), Pd-Ni-Cu-P bulk metallic glasses (Ref. 8 and 9)

and Pd-Ni-P-Si (Ref. 10) are among the best metallic glass-

formers known to date. The structures of Pd-Ni-P11, and Pd-

Ni-Cu-P glasses12, in particular Pd42.5Ni7.5Cu30P20 (Ref. 13),

have been studied by X-ray diffraction (XRD) and transmis-

sion electron microscopy (TEM). Thermal behavior of

Pd40Cu30Ni10P20 alloy14 was studied though vitrification

under the beam was not possible, because of crystallization

on relatively slow cooling.15 Such an experiment is possible

on oxides16 which owing to significantly higher GFA were

slowly cooled. Structural changes, thermal expansion and

volume changes (structural relaxation) upon heating have

been studied by synchrotron X-ray radiation diffraction in

Pd-, Zr-,17,18 La-19 as well as Cu-based glassy alloys.20 It

was also found that the medium-range order in metallic

glasses21 spans up to about 1–2 nm (Refs. 22 and 23).

In the present work we study structural changes in the

relatively fragile Pd42.5Cu30Ni7.5P20 melt [its fragility index

m (Ref. 24) is close to 60 (Ref. 25)] during cooling by using

the real-space pair distribution function (PDF) [which is a

reduced form of radial distribution function (RDF)] and

compare the results to those obtained by the first-principles

computer simulation. We report detection of anomalies in

the evolution of the atomic structure in the supercooled liq-

uid region that appear to be directly connected to the fragility

(temperature dependence of viscosity) of this liquid alloy.

II. EXPERIMENTAL PROCEDURE

An ingot of Pd42.5Cu30Ni7.5P20 alloy (the composition is

given in nominal atomic percentage) was prepared from pure

metals of 99.9 mass% purity and a Pd-P master alloy using

arc-melting method, and then subjected to a fluxing treat-

ment with B2O3 in order to eliminate impurities that can act

as heterogeneous nucleation sites for crystallization. Bulk

samples were produced from the fluxed ingots by copper

mold casting and encapsulated under secondary vacuum (of
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the order of 1� 10�3 Pa) in a quartz container of 5 mm inner

diameter.

In situ X-ray diffraction measurements in transmission

were carried out using high energy monochromatic x-ray at

the European Synchrotron Radiation Facility (ESRF). A pho-

ton energy of 92.5 keV corresponding to an X-ray wave-

length of k¼ 0.0134 nm was used. The samples held in a

glass container were heated by an induction heater to a tem-

perature of 910 K, which is well above the liquidus tempera-

ture and cooled down to room temperature with flowing N2

gas being used as coolant, while the temperature was moni-

tored by a pyrometer. Such a measurement was repeated sev-

eral times for the reliability. The diffracted intensity was

recorded by a two-dimensional charge coupled device

(CCD) camera and the acquisition time was two second per

spectrum. Finally, the radial intensities were integrated over

360 degrees to enhance signal to noise ration.

One should mention that only quaternary Pd42.5Cu30-

Ni7.5P20 alloy vitrified on cooling under the X-ray beam

owing to its high glass-forming ability. Similar method has

been applied in Ref. 17. Other alloys were also preliminary

tested. However, a binary Pd81Si19 alloy crystallized on cool-

ing. Zr-based alloys were also tested but no in situ vitrifica-

tion was achieved.

After necessary corrections the measured intensity was

converted to electron units per atom with the generalized

Krogh-Moe-Norman method.26,27 Density value of 9.215

Mg/m3 for the alloy was taken from Ref. 28. The total struc-

ture factor S(Q) and the interference function Qi(Q)

(Q¼ 4psinh/k, h is the diffraction angle) were obtained from

the coherent scattering intensity by using atomic scattering

factors. The values of Qi(Q) at Q less than 18 nm�1 were

smoothly extrapolated to zero. The radial distribution

RDF(R) and pair distribution functions PDF(R) were

obtained by the Fourier transform of Qi(Q)26

RDF Rð Þ ¼ 4pr2qðRÞ

¼ 4pR2q0 þ 2R=p
ðQmax

0

QiðQÞsinðQ � RÞdQ (1)

where q(R) is the total radial number density function and

q0 is the average number density of the sample. PDFðRÞ
¼ RDFðRÞ � 4pR2q0 is a reduced function.

The atomic structures of Pd42.5Cu30Ni7.5P20 alloy in

both liquid and glassy states have been also investigated

using the first-principles calculations. The calculations are

performed using density functional theory based pseudo-

potential plane-wave method as implemented in VASP

code.29,30 The spin polarized generalized gradient corrected

Perdew-Burke-Ernzerhof exchange-correlation functional31

and the all-electron projector augmented wave method32

were used in order to accurately describe the interaction

between the ion and electron. The Pd42.5Cu30Ni7.5P20 config-

uration was modeled within a cubic supercell consisting of

240 atoms. At the first step, the random atomic structure

with density (8.66 g/cm3) was melted at 2000 K for a total of

2000 steps with each step time of 5 fs. After that, the

obtained system in liquid state was additionally equilibrated

for 5 ps at 950 K and then was quenched to 550 K with a

cooling rate of 4� 1013 K/s at 500 time steps per 100 K. The

final configuration was additionally optimized with experi-

mentally reported density of glassy states (9.215 g/cm3)

using a conjugated gradient method. The Brillouin zone inte-

grations are carried out using only the C-point.

III. RESULTS

After heating above 900 K (liquidus Tl is at around

800 K) the sample was cooled at about 8 K/s (average cool-

ing rate) down to room temperature (298 K) and the sample

vitrified. The interference function Qi(Q) for liquid alloy at

873 K calculated from the diffraction intensity profile after

the necessary corrections is shown in Fig. 1.

An PDF(R) obtained by the Fourier Transform of Qi(Q)

at 873 K, for example, is also shown in Fig. 1. The plots of

the first coordination shell of two typical atomic pair distri-

bution functions PDF(R) are shown in Fig. 2. A sub-peak at

low R (P1) of about 0.224 nm (at 298 K) is clearly visible on

the first PDF (R) nearest neighbor (NN) peak.

Fitting of this first PDF(R) maximum from 0.2 to 0.35

nm (baseline was corrected to make both outermost points

be equal to zero) using 2 Gaussian peak functions produced

a reasonable correspondence with the original PDF(R) plot

(Fig. 2). According to the interatomic distances correspond-

ing to sums of atomic radii rPd¼ 0.138 nm rCu¼ 0.128 nm,

rNi¼ 0.125 nm and rP¼ 0.106 nm33 at room temperature the

first subpeak (P1) at 0.224 nm corresponds to nearest Cu-P

or Ni-P atomic pairs while the second subpeak at 0.274 nm

(P2) mostly corresponds to the mixture of Pd-Pd, Pd-Cu and

Pd-Ni pairs. The Pd-P distance has an intermediate position.

Other possible sub-peaks were not resolved owing to limited

resolution of the method connected with Fourier Transform

truncation error.

Error sources in XRD measurements and data analysis

have been discussed in Ref. 34. In order to perform error anal-

ysis four different spectra were obtained at 873 K which

FIG. 1. (Color online) The interference function Qi(Q) for the studied alloy

at 873 K calculated from the XRD intensity profile after the necessary cor-

rections, experimental PDF(R) derived at a temperature of 873 K and

PDF(R)calc as a result of computer simulation at 950 K.
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derived very similar PDF(R) functions with two average

values of the areas under subpeaks P1 and P2 of

0.001768 6 0.0002761 and 0.097105 6 0.0014735, respec-

tively. Average subpeaks P1 and P2 positions are

0.2193 6 8.6*10�4 and 0.2718 6 2.39 *10�5, respectively.

The confidence intervals obtained correspond to the probabil-

ity P¼ 0.95%. Cooling rate was found to be about 500 K/min

(8.3 K/s) which being multiplied by 2 s acquisition time gives

uncertainty of about 17 K per step.

With decrease in temperature the integrated area under

P2 changes slightly while that under P1 increases signifi-

cantly. Thus, the relative integrated intensity of a low-R sub-

peak of the 1st coordination shell in the PDF becomes five

times stronger on cooling from the melt to Tg. It indicates

that the number of Ni-P and Cu-P atomic pairs, thus chemi-

cal short range order (CSRO) around P, increases on cooling

the melt and then remains nearly constant in the glassy state.

Absence of structural changes below Tg after completion of

structural relaxation was also shown earlier for Cu-based

sample.35 Figure 3 shows the area under subpeak P1 divided

by the area under subpeak P2 obtained on cooling. A drastic

change in this ratio above Tg is demonstrated in Fig. 3.

Of course, Pd-P (0.244 nm) Ni-Ni (0.250 nm) and Cu-

Cu (0.256 nm) atomic pairs must be taken into account as

these atomic pairs also shall be presented in the PDF(R)

curve in Fig. 2. According to Fig. 2 these atomic interactions

rather contribute to the second sub-peak P2. Also, owing to

well known truncation error during fourier transform proce-

dure the first maximum of PDF(R) becomes closer to sinu-

soidal function36,37 and such peaks cannot be resolved.

However, as spectra obtained at each temperature have

passed the same transformation procedure one can conclude

that the observed changes in the intensity of the peaks repre-

sent realistic structure changes in the liquid phase on

cooling.

In order to investigate the difference in the shape of the

first maximum corresponding to the NN shell between liquid

and glassy states, we carried out extensive first-principles

calculations. The calculated PDFs (Fig. 4) are similar to

those obtained from the experimental data (Fig. 1) and also

indicate intensification of the first subpeak compared to the

second one on cooling. Two PDF(R) functions obtained by

computer simulation at 550 K (glass) and 950K (liquid) were

fitted with two gaussian functions. The areas (A) under P1

and P2 are 0.071 and 0.051 for 550 K as well as 0.050 and

0.047 for 950 K, respectively. Thus, the ratios AP1/AP2 for

FIG. 2. (Color online) Fitting of the first PDF(R) maximum (black curve)

from 0.2 to 0.35 nm using two Gaussian functions related to P1 (left) and P2

(right). The curves in panel (a) correspond to 298 K while the curves in

panel (b) to 873 K. The baseline was corrected prior to fitting.

FIG. 3. (Color online) Area under P1 divided by the area under P2 in the

first coordination shell obtained on cooling (solid circles) as well as viscosity

of the studied alloy (blue solid line) as a function of temperature (a) and nor-

malized inverse temperature (b).
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550 and 950 K are 1.38 and 1.05. Thus, these results support

intensification of Ni,Cu-P peak on cooling.

One can see that experimental PDF(R) shows much

lower number of Ni,Cu-P bonds than those from the curves

obtained by computer simulation. This is a natural deficiency

of X-ray diffraction technique as atoms with different atomic

scattering factors give a different contribution to the

PDF(R). X-rays are scattered by an electron cloud of an

atom and hence the scattering amplitude increases with the

atomic number. Thus, Pd having much larger atomic number

compared to Ni and Cu thus produces stronger peaks.

Partial PDF(R) for the Ni-P and Cu-P atomic pairs also

indicate an increase in the number of such atomic bonds on

cooling which is in agreement with the experimental results.

The Ni-P and Cu-P peaks intensify on cooling as illustrated

by the areas (A) under the peaks at two different tempera-

tures as shown in Figs. 4(c) and 4(d).

Moreover, as shown in Fig. 5, the calculated partial den-

sities of states (PDOS) projected on the 3p state of P atoms

and the 3d and 4d states of Ni, Cu and Pd atoms, respec-

tively, show noticeable changes in the electronic structures

of Pd42.5Cu30Ni7.5P20 compositions toward a chemical short-

range order formation in glassy states. In the case of liquid

the higher intensity of electron density below the Fermi level

corresponding to metal atoms is observed. The significant

reduction of the peak intensities for metal atoms in this

energy region is found during the glass formation [see Fig.

5(b)]. In contrast, the electron density of 3p state of phospho-

rus atoms increased below Fermi level that indicates the for-

mation of chemical bonds with p-d hybridization between P
and metal atoms due to charge transfer from metal to phos-

phorous. The most significant changes are found in the

region between �1.0 eV and �0.3 eV. In this region the

largest electron density reduction of 3d state are observed for

Ni atoms and hence indicated the formation of additional Ni-

P bonds in the first coordination shell of P atoms in center.

The same tendency of 3d state is also observed for Cu atoms

but with less intensity reduction.

IV. DISCUSSION

It is interesting to note that the temperature dependency

of the viscosity plot in the logarithmic scale calculated from

the data presented in Ref. 38 and superimposed on the graph

(Fig. 3) shows a strong similarity to the P1/P2 ratio. The

temperature dependence of the viscosity of the liquid alloy

was calculated using values of g0¼ 5.0 10�6 Pa*s, D¼ 16.5

and T0¼ 379 K, for the Vogel–Fulcher–Tammann (VFT)

equation39,

g ¼ g0 exp D�T0= T � T0ð Þ½ � (2)

The rapid rise of viscosity when temperature rises toward Tg

in the Angell plot40 is indicative of the fragility of the liquid.

The coincidence of the P1/P2 ratio and logg as shown in Fig.

3 suggests a possibility that the rapid rise in P1/P2 ratio, thus

the increase in (Cu,Ni)-P pairs, is closely associated with the

fragile behavior of this liquid. Ni and Cu form strong cova-

lent bond with P through the p-d hybridization,41 and form

clusters often of the topology of capped trigonal prism.42,43

Because of the strong covalent bond the local glass transition

temperature of (Cu,Ni)-P cluster must be quite high.44 The

result shown in Fig. 3 is consistent with the possibility that

increased CSRO due to formation of such clusters with

decreasing temperature is contributing to the rapid increase

in viscosity and results in the fragile behavior of this liquid.

FIG. 4. (Color online) (a) Two PDF(R)

functions obtained by computer simulation

at 550 K (glass) and 950 K (liquid) and

those fitting with two gaussian functions.

Partial PDF(R) functions (c) Cu-P and (d)

Ni-P obtained by computer simulation at

950 K (liquid) and 550 K (glass). The areas

(A) under the curves in the plotted range.
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Significant structural changes in metallic glasses in the

supercooled liquid state have been also observed in

Ti39.5Zr39.5Ni21 liquid45 and predicted in Cu-Zr-Al glasses

by MD computer simulation.46 A link between the structure

and viscosity of Cu64Zr36 alloy was also suggested in Ref 47.

Although the theory of the viscosity of liquids48 is still

insufficiently developed, the following relationship was pro-

posed49 for the viscosity (g) of liquid noble gases:

gðT;VÞ ¼ g0r
2

aðmeÞ1=2
(3)

where T is the absolute temperature, e is the minimum poten-

tial energy of the atomic interactions, r is related the internal

structure, while a and m are parameters. By using this for-

mula viscosity is linked through r to internal structure of the

liquid which is expressed in the present paper.

The liquid viscosity equation was also derived50 in

terms of the activation energy (Q) and molar volume (V):

g ¼ ðNh=VÞ expðQ=RTÞ (4)

where N is the Avogadro’s number, h is the Planck’s con-

stant and R is the universal gas constant. Q and molar vol-

ume are also dependent on the structure of the liquid and

support the idea that structural changes affect the viscosity.

It has been suggested earlier that the difference in two

activation energies at high and low temperature, determine

fragility of the liquid.51 One can suggest that structural

changes in the supercooled liquid leading to the formation of

atomic clusters initiate the changes in the activation energy

(Q) which in term determines viscosity through Eq. (4).

Fragility of a glass-forming alloy in a supercooled liquid

state was suggested to correlate with the Poisson’s ratio52 in

the glassy state and the amount of heat capacity change in

the glass-transition region.40 It is also a sign of instability of

short and medium range order in fragile liquids. As the

supercooled Pd42.5Cu30Ni7.5P20 liquid is a fragile substance

(m¼ 60) its structural changes on cooling are more evident

compared to strong liquids and can be monitored in the syn-

chrotron radiation experiments. The link between the struc-

ture of the liquid and viscosity provided in the present work

may indicate that other properties may also be dependent on

the degree of chemical short range order.

V. CONCLUSION

In conclusion, x-ray diffraction measurements during in
situ vitrification of the Pd42.5Cu30Ni7.5P20 liquid alloy reveal

atomic structural changes in the supercooled regime. The

coincidence of the temperature dependence of the first sub-

peak intensity and that of viscosity in the supercooled liquid

alloy suggests that increased CSRO due to formation of these

(Ni,Cu)-P clusters may be directly responsible for the rapid

non-Arrhenius increase in viscosity of a supercooled liquid

upon cooling and its fragile behavior. The first-principles

calculations produce similar results and confirm the experi-

mental findings. Continuous structural changes in the super-

cooled liquid leading to the formation of atomic clusters may

change the activation energy (Q) for viscous flow and deter-

mine fragility of the glass-forming liquids.
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