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Figure 4.3 Static structure factors for liquids and glasses of (a) Zr36Ni64, (b) Zr57Ni43, and (c) Zr76Ni24.  (d) A 

comparison between the S(q)s for all three compositions is shown for the liquids at the highest temperature studied 

(~1435 
o
C) and (e) for the glass at room temperature, after structural relaxation.  S(q)s in a-c are each vertically 

offset by 0.5 for clarity. 

 

For liquids of all compositions, the first peak position shifts towards larger q with 

decreasing temperature, consistent with an increasing density.  The first peak also sharpens and 

increases in amplitude with decreasing temperature, indicating structural ordering in the liquid.  

The features in the first and higher order peaks in the S(q)s for the glasses are dramatically 

sharper than in the liquid, consistent with more structural order in the glass.  A large-q shoulder 

on the second peak is often taken as evidence for icosahedral short-range order (ISRO) [10, 13, 

49].  However, this is often distorted icosahedral order as is the case in the Zr36Ni64 glasses [23].  



133 

 

Further, results from MD simulations of Zr-rich Zr2Ni [32] and Zr64Ni36 [34] have shown that the 

dominant  Zr-centered clusters in the liquid are more closely related to higher-coordinated Frank 

Kasper (FK) polyhedra (coordination numbers (CN) of 14-16), while the Ni-centered clusters are 

primarily highly distorted icosahedra (CN of 11-13) with negligible ideal icosahedra (CN of 12).  

The higher-coordinated FK polyhedra are also present in small amounts in the Zr36Ni64 glass, 

with the relatively reduced population likely due to the smaller Zr concentration.  Since the 

second peak in S(q) varies in shape and position across a wide range of compositions (Figure 4.3 

(d-e)), it is possible that there are evolving types of order as Zr is replaced by Ni.  This is 

supported by the differences measured between the partial structure factors obtained from 

neutron scattering studies with isotopic substitution in the Ni-rich Zr36Ni64 glass [23, 50] and 

from  RMC fits to neutron scattering data for the Zr-rich Zr2Ni glass [31].  There have been 

numerous reports of a pre-peak in the experimentally measured S(q) obtained from neutron 

scattering studies of the Zr64Ni36 amorphous alloy.  This indicates the presence of medium-range 

order (MRO), attributed to the Ni-Ni correlation for both the high-temperature liquid [26, 30] 

and the room temperature glass [31].  The pre-peak is also found from ab initio MD calculations 

of the high-temperature liquid [34].  For the Zr36Ni64 glass [23, 50] the pre-peak is attributed to 

both Zr-Zr and Ni-Ni correlations, resulting from pronounced topological and chemical short-

range order due to a preferred Zr-Ni bonding.  However, the feature is not observed in X-ray 

diffraction measurements of the room temperature glass [23], consistent with our results.  There 

is no evidence for a pre-peak for the Zr-Ni liquids and glasses studied here, which is  expected 

due to the respective weighting factors of the Zr-Zr, Zr-Ni and Ni-Ni partial structure factors 

[51]. 
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Figure 4.4 Pair-correlation functions, g(r), calculated from the S(q)s for the liquids and glasses of (a) Zr36Ni64, (b) 

Zr57Ni43, and (c) Zr76Ni24.  The first peaks, corresponding to the first coordination shell, for each alloy (d-f) show a 

marked asymmetry or peak splitting corresponding to the positions of the average bond distances, indicated by the 

dashed lines.  The amplitudes of the peaks giving rise to the asymmetry scale with their respective Faber-Ziman 

weighting, indicated by the height of the solid bars. The g(r)s in a-c are each vertically offset by 0.5 for clarity.  The 

peaks of the g(r)s in d-f increase in amplitude as the temperature is decreased. 

 

The pair-correlation function, g(r), for all liquids and glasses was calculated from the 

S(q)s using Eqn. 4.3; these are shown for all liquids and glasses studied in Figure 4.4.  The 

higher order peaks behave in a similar manner for all liquids, increasing in amplitude and 

shifting towards smaller-r with decreasing temperature.  These trends indicate an increase in the 

correlation length for structural order and an increasing density.  The smallest-r peak (i.e. first 

peak), however, shows an anomalous expansion, shifting towards larger r with decreasing 
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temperature.  This is now emerging as common behavior, reported in many metallic glass-

forming liquids [52, 53].  The character of the first peak in g(r) for the different glasses is one of 

the more interesting features (Figure 4.4 (d-f)).  The Zr57Ni43 liquid and glass show a distinctly 

split first peak with the two sub-peaks having nearly equal amplitudes.  In contrast, the g(r) for 

the Zr36Ni64 liquid has an asymmetric first peak that develops into a small shoulder at large-r in 

the glass, consistent with that observed by Georgarakis et al. [21].  The Zr76Ni24 liquid shows a 

similar asymmetry, but with the shoulder appearing at small-r in the glass.  That the sharper 

features in the g(r)s for the glasses appear at the same positions as the asymmetries in the liquid 

g(r)s suggests that the short-range order in the liquid and glass is similar.  An asymmetry was 

also observed in the first peak in g(r) in Cu-Zr/Hf liquids and glasses [16, 17, 21], although the 

features are more subtle than observed here and only become distinct in the glass.  

EXAFS [25, 54] and neutron diffraction [27, 29] measurements of room temperature 

glasses have shown that the Zr-Ni and Ni-Ni bond lengths are almost identical and essentially 

constant across a range of compositions, while the Zr-Zr bond length is compositionally 

dependent, increasing to larger r as the Zr concentration is decreased.  MD calculations of Zr2Ni 

liquids indicate a small increase of all bond lengths with decreasing temperature, as well as a 

separation of the Zr-Ni and Ni-Ni bond lengths similar to what is observed in the glass [32].  

Based on these measured average bond distances, the large-r feature in the first coordination 

shell (Figure 4.4 (d-f)) corresponds to the Zr-Zr bond, with the position of this feature shifting to 

larger r as the Zr content decreases.  This is consistent with the Zr-Zr bond length increasing 

with decreasing Zr concentration.  The small-r feature corresponds to the combined Ni-Ni and 

Ni-Zr bonds and shifts very little in position across the compositional range studied, consistent 

with other measurements [25].  The average length of the Zr-Ni bond in other studies is 5-7% 
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shorter than the sum of their individual atomic radii [21, 25, 32], consistent with the 6-7% 

decrease observed here.  In the Cu-Zr/Hf liquids and glasses, the average length of the Cu-Zr/Hf 

bond is very close to the sum of the atomic radii, resulting in much more overlap of the 

distribution of the Cu-Zr/Hf and Zr/Hf-Zr/Hf bond lengths in the first coordination shell.  Since 

the atomic sizes of Cu and Ni are very similar, this difference in behavior is likely due to the 

higher enthalpy of mixing between Zr and Ni compared with that between Cu and Zr (-49 and -

23 kJ/mol, respectively [55]).  The reduced average length for the Zr-Ni bonds results in a 

distinct separation of the peaks of the Zr-Zr and Zr-Ni bond length distributions, indicating an 

increase in the chemical ordering of Zr with Ni.  

The relative amplitudes of the first coordination shell features can be described within the 

Faber-Ziman formalism [56], where the partial pair-distribution functions (PPDF), gij(r), are 

related to the partial structure factors (PSF), Sij(q), by  
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The total g(r) is related to the partials using the q-dependent Faber-Ziman (FZ) weighting 

factor, wij, where, as q  0,  
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where ci is the concentration of the i
th

 atomic species and Zi is the number of electrons in each 

species.  When the features in the partial structure factors vary quickly compared to the atomic 

form factors, the total pair-correlation function can be approximated as a simple weighted sum of 

the partial pair-correlation functions,                                                                   
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This approximation is valid for amorphous metallic alloys and is discussed in more detail 

elsewhere [16, 57-59].  The relative heights of the peaks and shoulders in the first coordination 

shell are well correlated with the relative amplitudes of the FZ factors for the corresponding 

atomic bond distances (Table 4.3).  While the small-r feature corresponds to the combined first 

peaks of the Ni-Ni and Ni-Zr PPDFs, the FZ factor for Ni-Ni is small for all alloy concentrations, 

indicating that the Ni-Ni PPDF contributes very little to the total g(r).  The split peaks in the first 

coordination shell then correspond primarily to contributions from the Ni-Zr and Zr-Zr PPDFs.  

Their sharpening indicates an increase in the coherence length and frequency of Zr-Ni and Zr-Zr 

bonding, signaling chemical ordering for all of the alloys studied.  The sharpening of these peaks 

also indicates an increase in topological ordering, but the well-separated bond lengths show that 

the change in structure is not chemically random but rather is tied to specific chemical 

contributions.  The chemical ordering in Zr-Ni, then, is not restricted to the glass, but also occurs 

in the high-temperature liquid.  Such chemical ordering is, therefore, not unique to Cu-Zr/Hf 

liquids, but may be quite common in metallic alloy liquids.  

Table 4.3 Faber-Ziman weighting factors for each amorphous alloy. 

Composition wNi-Ni(0) wZr-Ni(0) wZr-Zr(0) 

Zr36Ni64 0.307 0.494 0.199 

Zr57Ni43 0.120 0.452 0.428 

Zr76Ni24 0.033 0.296 0.671 
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Figure 4.5 (a) The thermal processing program for Zr57Ni43 glass.  The maximum temperature is slowly increased to 

observe structural relaxation.  (b) The maximum in the first peak in S(q) (S(q1)) in the Zr57Ni43 glass as a function of 

temperature over several processing cycles.  The final cycle is fully reversible after a nearly 8% increase in S(q1) at 

room temperature from the as-quenched structure to the fully relaxed structure.  The error bars reflect the 

imprecision in the height of the first peak in the static structure factor. 

 

A dramatic sharpening of the first peak in S(q) on going from the liquid to the glass is 

observed for all alloy compositions (Figure 4.3 (a-c)) and indicates an increase in the ordering of 

the liquid on a larger scale, accompanying the increasing density.  The increasing height of the 

first peak, S(q1) is correlated with a decreasing peak width.  One benefit of the experimental 

design is the ability to extract quantitative information from these changes with temperature.  As 

already discussed, the as-quenched glasses were thermally cycled to allow structural relaxation 

to be measured.  For illustration, the processing cycle for Zr57Ni43 is shown in Figure 4.5 (a), 

with the change in S(q1) shown in Figure 4.5 (b).  In the case of Zr57Ni43, pronounced changes in 

S(q) accompany structural relaxation, with S(q1) increasing by nearly 8% from the as-quenched 

state to the fully relaxed state (measured at room temperature). 
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Figure 4.6 The maximum in the first peak in S(q), (S(q1)), in the glass and liquid as a function of temperature for (a) 

Zr36Ni64, (b) Zr57Ni43, and (c) Zr76Ni24.  The glass data were obtained after complete structural relaxation.  The 

respective crystallization (Tx), solidus (TS), and liquidus (TL) temperatures are indicated in each panel.  When 

extrapolated to Tg, the liquid S(q1) values are smaller than those for the relaxed glass.  The computed values of the 

structural fragility, , reflect this difference.  The error bars reflect the total uncertainty, incorporating estimates of 

both accuracy and precision. 

 

The temperature dependence of S(q1) for the liquids and glasses of all three compositions 

is shown in Figure 4.6.  At high temperature, S(q1) increases linearly with decreasing 

temperature with very similar rates (dS(q1)/dT) for all liquid alloys.  After complete structural 

relaxation, the temperature dependence of S(q1) for the glass is small, primarily arising from 

atomic vibrations, which are described within the Debye theory [60].  For all three alloys studied, 

a discontinuity is observed between a linear extrapolation to Tg of the S(q1)s for the liquids and 

the S(q1)s measured for the completely relaxed glasses at Tg.  The structurally relaxed state was 

chosen to ensure consistency of the measurements between glasses prepared using different 
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techniques and with different effective quench rates.  From Eqn. 4.1, the calculated structural 

fragility index, , is 15 ± 5% for Zr36Ni64, 7 ± 4% for Zr57Ni43 and 7 ± 5%  for Zr76Ni24.  These 

indicate that a large acceleration of structural ordering must occur in the liquid upon approaching 

the glass transition temperature.  This is the behavior expected for fragile liquids  [9], with the 

Zr36Ni64 appearing more fragile than the other two Zr-Ni liquids.  GFA is often argued to 

correlate with liquid fragility, consistent with the low GFA and high fragility for these alloy 

liquids. 

4.4 Conclusions 

In summary, density, volume, thermal expansivity, viscosity, and high-energy X-ray 

diffraction studies of ZrxNi100-x (x = 36, 57, and 76) equilibrium and supercooled liquids were 

made in a containerless environment using the electrostatic levitation capabilities of the BESL 

facility.  Complementary X-ray data were obtained in the BESL from rapidly-quenched glasses 

made from these liquids.  The smaller background than is possible in capillary measurements 

gave higher quality data that could be compared with the liquid data.  For all alloys, the pair-

correlation function, g(r), showed evidence of chemical ordering between Ni and Zr with 

decreasing temperature that starts in the liquid and becomes more prominent in the glass.  This is 

a manifestation of the strong bonding between Zr and Ni.  Similar evidence for chemical 

ordering was observed earlier by us in Cu-Zr and Cu-Hf liquids and glasses.  The results 

presented here indicate that this may be a common feature in many binary metallic liquids and 

glasses, hinted at by simulations of Zr-transition metal binary alloys [32].  A deeper experimental 

investigation of this ordering requires the measurement of the partial structure factors from, for 

example, neutron diffraction studies.  Topological ordering accompanies the chemical ordering.  

A rapid acceleration in the structural ordering near the glass transition temperature is observed in 
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the temperature evolution of S(q1), indicating a high fragility for the Zr-Ni liquids [9].  Normally, 

fragility is determined by the temperature dependence of the viscosity, which is often difficult to 

measure.  The ability to determine fragility from structural studies provides a new avenue for 

studies of the origin of fragility and for investigating the relationship between fragility and glass-

forming ability.  
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Chapter 5: Measurements of Structural and 

Chemical Order in Zr80Pt20 and Zr77Rh23 

Liquids 
This chapter includes X-ray scattering data acquired during the BESL 2013 experiment 

and neutron scattering data acquired during the NOMAD 2014 experiment.  Some density 

measurements were performed by M. E. Blodgett, and DTA measurements were performed by 

N. A. Mauro (Washington University in Saint Louis, Saint Louis, MO).  Results from MD 

simulations were provided by M. Kramer (Ames Laboratory, Ames, IA) and have been published 

elsewhere [1].  Voronoi analysis was performed using a modified version of Voro++ provided by 

V. Tran (Washington University in Saint Louis, Saint Louis, MO). 

5.1 Introduction 

Although lacking long-range order, metallic liquids do have short-range order (SRO) and 

medium-range order (MRO), which have been heavily studied in recent years through both 

experiment [2-12] and simulations [13-15].  This SRO and MRO are important for understanding 

the nucleation and growth of crystalline phases [16] and can provide insight into metastable 

phase formation and glass formation.  Frank predicted that icosahedral SRO, a structure that is 

highly coordinated but is incompatible with translational periodicity, is dominant in elemental 

liquids [17] and provides a significant energy barrier to crystallization.  Molecular dynamics 

(MD) simulations of pure Cu have provided evidence that this is the case [18], and it has since 

been observed in levitated elemental liquids [12, 19, 20].  In one case, the icosahedral order 

catalyzed the nucleation of a metastable icosahedral quasicrystal phase (i-phase) [16], directly 

demonstrating the impact of order on the nucleation barrier.  Rapidly-quenched Zr-rich 
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nanocrystals within the inhomogeneous regions corresponding to either the tetragonal Zr2Ni 

phase or the oxygen-stabilized Ti2Ni-like “big cube” phase, depending on the heating rate and 

amount of oxygen present [24].  The X-ray diffraction peaks in their low-oxygen sample were 

matched to the Zr2Ni phase and are consistent with the diffraction peaks observed upon primary 

crystallization in this study.  The results of X-ray diffraction studies of their high-oxygen sample, 

in particular the features that develop in the second amorphous peak, were remarkably similar to 

the sharpening that was observed in our WAXS data in region I (Figure 7.9).  However, none of 

the most intense diffraction peaks were observed in our data.  This suggests that the 

compositional fluctuations that develop are likely due to the nucleation of Ti2Ni-like 

nanocrystals [24].  As Ti, Cu, and Al are integrated into the nanocrystals, crystallization is 

induced in the remaining liquid as it becomes compositionally similar to Zr2Ni, reducing its TRG.   

7.5 Conclusions 

In summary, simultaneous wide-angle (WAXS) and small-angle (SAXS) X-ray scattering 

measurements were performed on a levitated Zr52.5Cu17.9Ni14.6Al10Ti5 (Vit105) alloy in the liquid 

and supercooled liquid state.  Vit105 had comparable primary peak heights and widths to similar 

alloys, and did not display the anomalous behavior found in Ni58.5Nb20.25Y21.25.  This may 

indicate that no miscibility gap exists at high temperatures for Vit105.  Alternatively, the 

anomalous behavior observed in Ni58.5Nb20.25Y21.25 could instead reflect the large size differences 

of the constituent elements between Ni/Nb and Y.   

Compositional fluctuations were observed in the supercooled liquid, well above Tg, 

during annealing of an amorphous sample produced in situ.  While previous studies have 

suggested these features were due to decomposition into two amorphous phases prior to 

crystallization, the simultaneous peak sharpening observed in WAXS shared some similarities 
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C.7 Batch_VI_Parsing.vi 

This VI was designed for use with the modified Voro++ used for analysis of Voronoi 

tessellations in this dissertation (Chapter 5).  This VI converts the file formatting output from 

Voro++ into a format useable by a Python selection script written by Z. Markow [8].  This VI 

can also be used to analyze Voronoi polyhedra as a function of small-face area removed (Figure 

C.5). 

 

Figure C.5 Front panel of Batch_VI_Parsing.vi. 

 

This VI can import one or more files; they can be filtered for partial string matches using 

File_Extension.  The input filename is expected to comply with the following format: 

#.##.sighist.&.dat 
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where “#.##” is a three digit value representing the absolute size of the faces that were removed 

and is used as the “additional specifier” that can be defined within Voro++, sighist is part of the 

default Voro++ output naming scheme, and “&” represents either the atom type or “all” atom 

types.  For the binary systems A-B considered in this dissertation, there were three output files 

where &=1,2,all.  “1” represents A-centered polyhedra, “2” represents B-centered polyhedra, and 

“all” represents the combined total.  Each of these files consists of a single header line containing 

column labels.  The rest of the file is formatted as a histogram of the total counts (first column) 

found for a given Voronoi index (the remaining columns containing the number of n-sided faces, 

starting with n=3).  The histogram is pre-sorted by decreasing frequency. 

There are several inputs on the front panel  (Figure C.5) which are set by default to the 

parameters used for the Voro++ *.sighist.* output files, but have the capability of being modified 

if future users use differently formatted files.  These features have not been tested for options 

other than the default setting.  The type of delimiter between numbers can be changed using 

Delimiter.  Common delimiters are already included, such as Space (default), Comma, Tab, and 

End of Line.  The parameter Header Rows can be changed to an arbitrary number of lines.  The 

parameter Number Components To Keep is used to select the largest n-sided face allowed in the 

final output.  Increasing this value past the number of n-sided faces contained in the input file 

does not add additional 0’s, but instead will output the entire Voronoi string.  Once unnecessary 

n-sized faces are removed from consideration, the remaining n-sized faces are separated by 

spaces then enclosed in angled brackets (“<” and “>”).  If the initial Voronoi index was “0 0 12 0 

0 0 0 0 0 0” and only four components were kept, the final output would be the string “<0 0 12 

0>”.  Two common configurations were identified: When performing Voronoi index matching 

within this program, the default settings contain only 5 components (VIs To Match).  When 
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sorting the output histogram using the Python script DataRowSelectorVI.py, the VIs are 

formatted with 10 components.   

Within this VI, the histogram counts per Voronoi index are summed and converted into 

“fraction of total”.  If the user wishes to know the fraction of the total polyhedra that is not type-

centered specific, it must be calculated by hand.  The coordination number of each polyhedron is 

also calculated during the conversion.   

If the user selects the Boolean Only Save formatted files?, no analysis is performed on the 

selected files and instead each file is quickly converted into a comma-delimited *.csv file.  The 

output file name is the same as the input, but replaces the file extension “dat” with 

“formatted.csv”.  Within this file is a single header containing column labels: VI, Raw Count, 

Frequency, and CN. 

If further analysis is of interest to the user, the Boolean Only Save formatted files? must 

be set to False.  The program will compile Voronoi indices into an array of strings defined by 

VIs To Match.  The number of elements within the matching strings must be the same as the 

number of components kept or else the program will find zero matches.  The plot VI Frequency 

With Cutoff will scan the Face Area Cutoff from the first four characters (assumed to be digits) 

of the filename, and the frequency will be found from the appropriate column in the row 

matching the appropriate Voronoi index.  A three dimensional histogram, CN with Cutoff 3D, 

will plot the relative frequency of each coordination number between 0 and 25 against the small-

face cutoff size.  While a 3D plot is available, it has been found to be more useful to view the X-

Y projection with the frequency scaled by color.  The plot Average CN from Gauss outputs the 

average coordination number at each face cutoff as determined from the peak position of a 
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Gaussian fit to the histogram.  The error bars represent the standard deviation, or width, of the 

CN distribution.    
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