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Efficient local atomic packing in metallic glasses and its correlation with glass-forming ability
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We have probed local atomic structure of Zr-Cu metallic glasses using time-of-flight neutron and synchro-
tron x-ray diffraction techniques with high resolution. Our results provide evidence for a scheme of efficient
local atomic packing where atomic clusters encompass multiple types of atoms in the first coordination shell.
We also demonstrate experimental evidence of a strong correlation between the number of unlike atom bonds
and the glass-forming ability. Our findings may provide insights into a broad range of scientific problems
where efficient space filling by packing spheres is essential.
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I. INTRODUCTION

A liquid freezes into a glass when bypassing crystalliza-
tion upon cooling. The slower an atom moves around in the
liquid, the more likely the atom escapes the capture of crys-
tallization. In glass-forming liquids such as polymer and
silica liquids, rather than individual random walk, atoms are
encaged in molecular units (such as the SiO, tetrahedra in
liquid silica') which, in a collective motion manner, reduce
dramatically the atomic mobility.> These local structural
units thus account for the excellent glass-forming ability of
the liquids and remain as the building blocks of polymer and
silica glasses.>3 Analogously, metallic glasses also exhibit
signs of local structure units such as short-range orders (or
solute-centered atomic clusters), as proposed in recent works
of structural modeling and computer simulation.*~® However,
there is a lack of key experimental determination of local
atomic structure in metallic glasses and the correlation be-
tween local atomic packing with glass-forming ability has
yet to be demonstrated experimentally over the years.

In this work, we select binary Zr-Cu glasses for a system-
atic investigation of local atomic packing units because of
the simplicity in composition variation. This is also moti-
vated by the recent discovery of bulk metallic glasses in this
binary system, which has sparked renewed interest in under-
standing the structure of metallic glasses.””!® In fact, for this
particular system, many neutron and x-ray experiments, and
computer simulations have been carried out over the
decades.'*2! However, due to the difficulty in resolving par-
tial pair-correlation functions in experiments and the uncer-
tainty in determining the pair-wise potentials in simulations,
data in the literature appear to be inconsistent and sometimes
contradictory with each other. For example, Lamparter et
al.'* conducted neutron-scattering experiments and reported
a positive Warren-Cowley (WC) short-range order coeffi-
cient (a) (Ref. 22) with respect to Cu for the Cus;Zr,3 glass
but Kudo et al.'> determined a negative « using the same
technique. This is also the case for the Zrs,Cus, glass, for
which Fujiwara et al.'estimated a positive a in terms of Zr
using computer simulations whereas Chen and Waseda'” ob-
tained a negative value of « by means of an anomalous x-ray
scattering technique. We set out to attain precise determina-
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tion of local atomic structure of Zr-Cu glasses hence gain
clear insights into the role of local atomic packing in the
glass formability. Our approach is to make complementary
use of time-of-flight neutron and high-energy x-ray diffrac-
tion techniques, which provides high-resolution measure-
ments and significant contrast variations. Furthermore, we
employed a Cu-isotope substitution method in the neutron
diffraction experiments to facilitate precise extraction of par-
tial pair-correlation functions for a particular ZrzssCug s
glass and used them as references for the structure determi-
nation of other Zr-Cu glasses.

II. EXPERIMENTS

The Zr-Cu glasses of our study are Zr,Cu(;g9y) (x=30.0,
35.5, 38.6, 41.2, 44.0, 50.0, 54.5, 60.0, 66.7, and 70.0) in the
form of thin ribbons of ~50 wm thick and ~5 mm wide.
The amorphous ribbons were made from rapid quenching of
the melts of prealloyed Zr and Cu ingots using a melt-
spinning technique. Their compositions were examined using
electron probe microanalysis, which indicated a small com-
position variation of less than 1% from an average of 15
measurements for each tested ribbon. Thermal properties of
these ribbons, including the onset of crystallization tempera-
ture (T,), the glass transition temperature (7,), and the liqui-
dus temperature (7)) were determined using differential scan-
ning calorimetry (DSC) at a scanning rate of 20 K/min, as
summarized in Table I. However, only six of the Zr-Cu
glasses were used in diffraction studies, i.e., Zr,Cuggo_y) (x
=35.5, 38.6, 44, 50, 54.5, and 60). Besides six natural Cu-
containing glasses, three Cu-isotope substituted Zr355Cugy s
glasses were also prepared, which are designated as
Zr35_565Cu64'5, Zr35_563Cu64'5, and Zr35'5eru64'5, reSpeCtiVely.
The first two were made by completely substituting natural
Cu with %Cu and %Cu, respectively, and the third one by
partially substituting natural Cu with an appropriate amount
of %Cu to match the scattering length (b) of the Cu element
with that of Zr(b,,=7.16 fm). The neutron diffraction ex-
periments were carried out on the general purpose powder
diffractometer (GPPD) at Argonne National Laboratory. The
scattering data, as a function of the momentum transfer g
[=47r sin /N where \ is the wavelength and 26 is the scat-
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TABLE I. Summary of partial coordination numbers, Warren-Cowley coefficients?? {a;=1-Z,;/[c{(Z;;+Z;)]}, thermal properties and the

glass-forming ability indicators Y{=T,/(T,+1})] and T,,(=T,

o/ T}) of amorphous Zr-Cu alloys.

Amorphous T, T, T,

Alloys Zcycu Zeuze Zzicu Zzi7: acy az; (K) (K) (K) Y T,y
Zr30.0Cu79 683 764 1364 0.373 0.501
Zr355Cugy 5 7.19 4.94 8.98 4.08 —-0.048 0.03 727 773 1324 0.377 0.549
Zt36CligLa 6.12 5.40 8.59 475  —0091 006 715 753 1299 0374 0550
Zr,1 ,Cusg g 675 735 1222 0.387 0.552
Zt440Cliseo 4.54 6.45 8.22 605  -0.148 012 674 728 1191 0390  0.566
Zrs00Cusg g 3.02 7.25 7.25 7.19 -0.169 0.17 658 705 1221 0.375 0.539
Zrs45Cuys 5 2.65 7.41 6.19 7.82 -0.147 0.18 644 694 1225 0.371 0.526
Zrgp0Cuyg o 2.03 8.03 5.36 8.01 -0.110 0.16 641 683 1222 0.367 0.525
Zt66-Clizs 3 610 655 1290 0345 0473
Zr700Cuszg 590 629 1289 0.335 0.458

tering angle], were collected at room temperature for 8 h for 0,r<0
the natural Cu samples and for 24 h for the Cu-isotope- T, (r) = Bexpl-Brlr=0 (1b)

substituted samples, respectively. The total scattering pat-
terns of the six Zr-Cu glasses were also obtained using high-
energy x-ray diffraction at Advanced Photon Source (APS)
of Argonne National Laboratory. The neutron and x-ray
structure factors, i.e., Sy(g) and Sy(g), were determined us-
ing PDFgetN (Ref. 23) and PDFgetX2,?* respectively. The
reduced pair-distribution function (PDF) [G(r), where r is
the distance] was obtained by Fourier transforming S(g),>
G(r)=2154[S(q)-11sin(gr)dg=4mr[p(r) - po], where py is
the average number density and p(r) is the microscopic num-
ber density. Figures 1(a) and 1(b) show the Gy(r) and G(r)
for the six natural Cu-containing Zr-Cu glasses, respectively.
Figure 1(c) shows the G(r) of the Zrs5 sCuqy 5 glass obtained
from neutron diffraction of Cu-isotope-substituted samples
(with %Cu, N*Cu, “Cu, and ®*Cu, respectively) and that by
x-ray diffraction.

III. PDF METHODOLOGY AND DATA ANALYSIS

To extract the nearest-neighbor structure information from
the first PDF peak, we have converted G(r) into T(r)[
=47rp(r)=4mpyr+G(r)].2° T(r) can be expressed as a sum
of weighted partial PDFs, i.e., T(r)=2,2,,T;;(r)-w;;, where
T;(r)=4mrp;(r), and i, and j denote the ith and jth atomic
species, and w;; is the weight of the i-j pair Wij
=2c,cbib;/ (b)Y (i # j) or wy=cic;bib;/(b)* (i=j), where ¢; is
the atomic fraction and b; is the scattermg length of the ith
element (in the case of x ray, b; is replaced by f;(0), the
atomic scattering factor), (b)=2,cb; is the average scattering
length, and p;;(r) is the partial pair-density function. In the
present analysis, we consider each T;(r) as a convolution
between a Gaussian distribution [T,,(r)] and an exponential

function [7,.(r)]

2

Py (1a)

1
Iy ———exp| -
2mo

where o and 3 are the standard deviation and the exponential
decay constant, respectively. The convolution yields

Tij(”)=—%ieXP[—Pij<_ni__21>] x (D< o _pu)’
ij ij ij

2)
where p;;= ,BUO'[/, ; is the peak amplitude, r;; is the peak

position, and ® 1s the normal cumulative dlstnbutlon func-
tion, ®(y)=J", exp(— 5 )dx The partial coordination num-

ber (Z;), Wthh represents the number of the nearest-
nelghbor j-type atoms surrounding an i-type atom, can be

obtained as
* 1
Z[jZCj Tij(r)'rdrzcj'al‘j rij+ﬂ_ .
0 ij
T;i(r)s correspond-

For a binary Zr-Cu glass, there are three
ing to the Cu-Cu, Cu-Zr (or Zr-Cu), and Zr-Zr correlations,
respectively. Each partial has a single x-ray weight (w ) but
may have various neutron weights (w ) due to the presence
of isotopes. For the Zr;5 sCug, 5 glass, 1n addition to wl], four
different values of wl\j have been obtained using Cu-isotope
substitutions [65Cu and Cu, see Fig. 1(c)]. The resultant
variation of w’ ;; accounts for the first PDF peak shift toward
smaller r for the glass containing more %Cu because the
scattering length of ®Cu is more than 1.5 times that of ®*Cu.
Using three convoluted Gaussian functions [Eq. (2)] to rep-
resent the three 7;;(r) s, and assigning each T;,(r) with the
corresponding neutron and x-ray weights, we have carried
out a simultaneous fit to the first-shell peaks (2.3=r
=3.6 A) of the four T\(r)s and one T(r) for the Zrss sCugy s
glass (see Fig. 2). In the fitting process, we used the sum of
atomic radii (1.27 and 1.58 A for Cu and Zr atoms,
respectively?’) as the initial inputs of the peak positions (r;)
and kept the specific weighting factors fixed and the same
partial coordination numbers as parameters. Figure 2 shows
the best fit to the Ty(r)s and Tx(r), as well as the weighted
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FIG. 1. (Color online) The reduced PDF [G(r)] of a series of
natural Cu-containing Zr-Cu glasses determined by (a) neutron and
(b) x-ray diffractions. Also shown in (c) are the G(r)s of the
Zr355Cugy 5 glass obtained by neutron diffraction of Cu-isotope-
substituted samples (with %cu, Nicy, “Cu, and “Cu, respec-
tively), and x-ray diffraction of the natural Cu-containing sample.
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FIG. 2. (Color online) The best fit of a linear combination of
convoluted Gaussian functions to the Ty(r)s of the ZrsssCugys
glass with Cu-isotope substitutions and to the Tx(r) of the same
alloy. Also shown are the extracted Zr-Zr, Zr-Cu, and Cu-Cu par-
tials for Zr35A565Cu64.5.

T;(r)s _corresponding to Cu-Cu, Zr-Cu, and Zr-Zr for the
Zrss s°°Cugy 5 glass. The fitted r;; values of 2.48 and 3.13 A
for the Cu-Cu and Zr-Zr pairs, respectively, are close to the
hard-sphere model prediction. As the partials do not show
distinctive shapes, the best-fit data were obtained by using a
constant ,Bijg=4.81) and close values of o;; in the range of
0.12-0.15 A. Taking into account the exponential tail of the
profile, the average values for the Cu-Cu and Zr-Zr bonds
amount to 2.59 and 3.26 A, respectively, which correspond
to a 2% increase relative to the hard-sphere expectation and
can explain the departure of the real distribution of atoms
from the ideal structure of densely packed spheres. On the
other hand, the average value of the Zr-Cu bond (2.80 A)
reveals a net contraction of 2% relative to the hard-spheres
limit. Therefore, the unlike atom bonds are expected to be
the most stable ones in the mixture. Moreover, using the
best-fit parameters obtained for the Zrs;s sCug, 5 glass as ini-
tial inputs and adjusting the weights due to the composition
change, we have performed similar fits to the Ty(r) and Tx(r)
for the other five Zr-Cu glasses. As the Cu-Cu partial does
not show a well separated peak in the first PDF shell, the
Cu-Cu bond length was fixed in the composition-dependent
analysis. The other two bond lengths show slight shortening
toward the Zr rich side, i.e., 1% and 2% for Zr-Cu and Zr-Zr,
respectively.

IV. RESULTS AND DISCUSSION

The partial coordination numbers have been extracted us-
ing Eq. (3), as summarized in Table I and shown in Fig. 3.
For comparison, Fig. 3 also shows the data available in the
literature with respect to Cu-Cu, Cu-Zr, Zr-Cu, and Zr-Zr,
respectively.?! While the literature data exhibit rather large
discrepancies with each other as we have pointed out earlier,
the present work provides a systematic and consistent corre-
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FIG. 3. (Color) Comparison of the extracted partial-coordination
numbers in this work with the literature data with respect to (a)
Cu-Cu, (b) Cu-Zr, (c) Zr-Cu, and (d) Zr-Zr, respectively.

lation between the coordination numbers and the glass com-

position.
The extracted CNs allow us to estimate the Warren-
Cowley short-range order coefficient,> ie., a;=1

=Z;il[c(Z;+Z;)] where i refers to either Cu or Zr. As sum-
marized in Table I, the WC coefficients with respect to
Cu-ac, are all negative ranging from -0.05 to —0.15,
whereas ay, varies between 0.03 and 0.18. This indicates that
the amount of Zr atoms surrounding a Cu atom is, on aver-
age, larger than what it would be in random packing. The
aggregation of Zr atoms around Cu may lead to the forma-
tion of Cu-centered clusters as revealed in previous
studies.*®% To elucidate this point, we have performed an
in-depth analysis of coordination numbers by extending the
framework of efficient local atomic packing established by
Miracle et al’ Following this concept, in a binary alloy
where a type-A atom is surrounded only by type-B atoms,
the maximum coordination number Z\; can be deter-
mined solely upon the ratio between the radii of the atoms,
R,5(=Rg/R,). In the case of Zr-Cu, for instance, one has
ZE.=10.1, 7} . =16.9, and Z{ o, =7}, =13.3 as a result of
Reuzr=1.24(or Rzc,=0.81). However, the general case
where a type-A atom is surrounded by both type-A and
type-B atoms, has not been resolved.>* We conjecture that the
maximum coordination number for a combination of A and B
atoms surrounding a type-A atom [namely, (Z}5*,Z}3")], can
be obtained as a linear interpolation between Z}, and ZJ,.
Thus, one has

max max

AB AA
—_— 4+ =1 4a
Zys  Zya e

and

Zmax Zmax

=1 (4b)

Zpa  Zpg
Being complementary, Zy5* and Z{* define the most effi-
cient local packing for the type-A atom, so do Zg3* and Zz5"
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FIG. 4. (Color) (a) Plots of Zcycy V8 Zewze and Zzcu VS8 Zyge
showing the correlation between partial-coordination numbers. The
two solid lines represent the efficient local packing limit for Cu and
Zr, respectively, as calculated from Eq. (4a) and (4b). Letters a-f
refer to Zr,Cu(jgo_y) Where x=35.5, 38.6, 44, 50, 54.5, and 60, re-
spectively. (b) The experimental average coordination number and
the total coordination numbers of Cu and Zr as a function of com-
position. The two solid straight lines mark the theoretical maximum
coordination number for Cu around Zr (top) and vice versa (bot-
tom), according to the Miracle model (Ref. 5). The insets represent
structures of two types of Cu-centered clusters, i.e., (0,12,0) and
(2,8,0) Voronoi polyhedra as would be seen in a and f, respectively.
Orange and light blue balls represent Zr and Cu atoms, respectively.

for the type-B atom. In Fig. 4(a), we plotted the linear rela-
tionship of Zgis, vs Z&y, as defined in Eq. (4a), as well as
that of Z;%, vs Z7%5 [Eq. (4b)]. Also in Fig. 4(a), we have
superimposed the experimental partial CNs with respect to
Cu and Zr as Zcycy VS Zewze and Zyc, VS Zy,7,, respectively.
It can be seen that the experimental data for Cu (denoted as
magenta solid circles) fall, within the experimental errors,
exactly on the line of Z&i5, vs Z¢hy, over the full composi-
tion range investigated, indicating that the local environment
of Cu approaches the efficient local packing limit. This is

014202-4



EFFICIENT LOCAL ATOMIC PACKING IN METALLIC...

0.58 42
::“f(’* 40
- .54 <
& 0.52] & -3.8
ol 3.6
48 JENE -
0.46 ¥ 3.4 ¥
c CA
32 §
0.381 i
. L3.0 Z
0.36 - (28
0.34 M
0.32 p—— ——— 2.4

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Zr

FIG. 5. (Color) Comparison of the extracted number of Zr-Cu
bonds with the glass-forming ability indicators =T,/ (T,+T);)] and
T,,(=T,/T)) as a function of alloy composition.

consistent with the observed negative values of the Warren-
Cowley coefficient with respect to Cu(ac,), both suggesting
the presence of Cu-centered atomic clusters. In contrast, the
experimental data for Zr (denoted as blue open circles) are
comparatively far away from the ZJ%, vs Z;% line (blue),
suggesting that Zr is much less efficiently packed than Cu.
Clearly, the efficiently packed Cu-centered clusters of atoms
(including both Zr and Cu atoms in the first coordination
shell) are the building units for all the compositions investi-
gated. However, the respective amounts of Zr and Cu atoms
in the clusters may vary to facilitate the composition change,
as does the topology of the clusters. For the Cu-rich compo-
sitions, such as ZrsssCugys, the total CN of Cu(=Zcyy
+Zcucw) reaches 12, as illustrated in Fig. 4(b). This means
that this type of the Cu-centered clusters belongs to a class of
12-vertex-coordinated polyhedron, most probably being dis-
torted icosahedron [i.e., (0,12,0)-Voronoi polyhedron] with
eight Cu atoms and four Zr atoms at vertices, as shown in the
inset of Fig. 4(a).”® While for the Zr-rich compositions
(above 50 at.% Zr), the total CN of Cu becomes constantly
10, reaching the maximum number (or theoretical limit) of
Zr that could possibly surround Cu [see Fig. 4(b)]. The to-
pology of this type of Cu-centered clusters would be likely a
10-vertex polyhedron, as it reaches a minimum energy for
(2,8,0)-Voronoi  polyhedron [i.e., bi-capped square
Archimedean antiprism, see the inset of Fig. 4(a)].”
Compared with random packing, the efficient local atomic
packing scheme in metallic glasses implies strong chemical
interactions between unlike atoms and thus the increase in
the number of atomic bonds. If this scheme is also valid in
the liquid that forms the glass, as discussed in the introduc-
tion part (also see below), it would reduce atomic mobility
and enhance the liquid’s glass-forming ability. Here using the
experimental CNs obtained from the diffraction study and
the thermal-property data from the DSC measurements, we
are able to demonstrate a correlation between unlike atom
bonds and the glass-forming ability. Figure 5 shows the num-
ber of unlike atom bonds (7i,c,) per mole of Zr and Cu
atoms as a function of composition, in comparison with the
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indicators for glass-forming ability known as y (Ref. 29) and
T,g.30 Here, the number of unlike atom bonds is calculated
as gco=N,c7.Zzc0» Where N, is Avogadro’s number, 7y
=T,/(T,+T)) ranging from 0.2 to 0.5 for various glass-
forming systems® and T,,=T,/ T, ranging from 0.4 to 0.67.%°
Table I summarizes the values of T\, T,, T}, , and 7,, for ten
Zr-Cu glasses. It is noted from Fig. 5 and Table I that y and
T, and i1z, follow a similar trend as a function of compo-
sitton and all peak in the vicinity of 44.0 at. % Zr. This
provides an experimental demonstration of the correlation
between glass-forming ability and local atomic structure. The
v and T,, parameters are both good gauges for the structural
stability of a supercooled liquid and its resistance to
crystallization.?>3* The more stable the liquid, the greater the
tendency for the liquid to form a glass. The liquid stability is
primarily determined by the enthalpy of mixing (AH,,;,), es-
pecially for supercooled liquids at low temperatures.>'? As-
suming pair-wise bond energies, AH,,;, scales with the num-
ber of unlike atom bonds as AH,,; =it &,>> where ¢ is a
negative constant representing the difference in the bond en-
ergy between the Zr-Cu bond and the average of the Zr-Zr
and Cu-Cu bonds. In fact, the observed maximum of 7iy,¢, at
~44 at. % Zr is consistent with the thermodynamic evalua-
tion by Abe et al.* who showed a minimum of AH,,;, at
~44.0 at. % Zr at 1,000 K. Consequently, one can conclude
that good glass formers favor more unlike atom bonds which
increase the enthalpy of mixing and thus stabilize the liquid.
This also implies that, as discussed above, the efficient local
atomic packing scheme that facilitates more unlike atom
bonds in the liquid and the glass is the origin of good glass-
forming ability.

As shown in Fig. 3, the partial coordination numbers of
the Zr-Cu glasses vary as a continuous quasilinear function
of the composition in a rather wide range without any pecu-
liarity. This contrasts with the lack of definite composition
dependence of CNs for crystalline counterparts (i.e., interme-
tallic compounds and their mixtures), but is similar to what
was observed for liquids, for instance, molten Si-transition-
metal alloy.>>3¢ Accordingly, the quasilinear correlation, in-
dicative of a substitutional solution nature of Cu and Zr, is
likely a manifestation of the “liquidlike” structure of metallic
glasses. It has been proposed that a metallic glass is simply a
frozen liquid, whose structure is an inheritance of the liquid
that precedes the glass transition.’ As one can see from the
Zr-Cu phase diagram,’” Zr and Cu are essentially insoluble
in the crystalline solid state, and it is only in the liquid state
that there exists one degree of freedom (i.e., composition)
which allows extensive amount of mutual solubility, particu-
larly in the glass-forming range of 35-70 at. % Zr. When
such liquids freeze into glasses, they would retain the liquid
structure, especially the local structure units, as well as the
apparent substitutional solution nature. Thus, in addition to
the structure, metallic glasses also inherit one degree of free-
dom from parent liquids, which explains why metallic glass
formers are always found in a composition range, rather than
a stoichiometric composition as is the case for an intermetal-
lic compound. The implication of the liquidlike nature of
metallic glasses, further supports our preceding analysis
which shows that the efficient local atomic packing in a glass
(i.e., maximizing the number of unlike atom bonds) indeed
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have a strong correlation with the stability of the glass-
forming liquid (i.e., the -y parameter).

V. CONCLUSIONS

We have investigated local atomic structure of Zr-Cu
glasses over a wide composition range by synchrotron x ray
and neutron diffraction, along with a neutron isotope substi-
tution method. Our analysis of experimental coordination
numbers revealed a scheme of efficient packing of multiple
type of atoms in the first coordination shell of solute-
centered clusters, which has important implications for struc-
ture modeling and simulations. We also demonstrated a clear
correlation between the number of unlike atom bonds and the
glass-forming ability, providing insights into the role of local
atomic packing in the stability of liquids and glasses.
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