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In this paper we present detailed x-ray-diffraction studies on the metallic glass system
(Rug g4Zro.16)1—xBx over the composition range 0.46 <x <0.52. Available, binary dense-random-
packing models are not successful in explaining the structure of these glasses. The presence of a
peak in the G (r) at a distance of V2 times the nearest-neighbor separation has led us to invoke the
packing of trigonal prisms to explain their structure. With this proposed short-range order, we find
that we can reproduce the main features of the experimentally obtained reduced radial distribution
functions. These glasses have very high atomic densities and are found to be extremely brittle.

INTRODUCTION

In a recent publication,! the authors reported the work
done on a ternary, rhodium-based, metallic glass system.
While the metalloid content of most “traditional”
transition-metal—metalloid glasses ranges approximately
between 17 and 25 at. %, these alloys with a nominal com-
position of Rhg ¢, _,B,Sig o3 had a total metalloid content
of up to 40 at. %. Some work on Ni-B and Co-B metallic
glasses with B contents as high as 40 at. % have also been
reported.>® Limitations to the formation of an amor-
phous phase in the  “traditional” transition-
metal—metalloid alloys to the above-mentioned composi-
tion range have been interpreted in terms of models where
the metalloid atoms occupy the larger polyhedral holes in-
herent in an amorphous structure of dense random pack-
ing (DRP) of metal atoms.* The number fraction of these
holes is about 20%. No existing models have been used,
however, to explain the formation of amorphous alloys
with a much higher metalloid content. We report here on
the discovery of some ruthenium-based, ternary metallic
glasses with boron concentrations between 36 and 54
at. %. X-ray-diffraction studies are presented along with
the density data. The observed reduced radial distribution
functions are explained in terms of ideas proposed by

Gaskell’ )
Certain similarities between these and the glasses in the

Rh-B-Si series do exist, especially in the reduced radial
distribution functions, but physical properties differ sub-
stantially. The ruthenium-based glasses are extremely
brittle in contrast to the ductile foils formed by the rhodi-
um glasses. They are also easily attacked chemically, un-
like the rhodium glasses.

EXPERIMENTAL PROCEDURES

The alloys were prepared by rf-induction-melting the
accurately weighed constituents on a silver boat in an ar-
gon atmosphere. The ingots were broken and remelted to
ensure a homogeneous composition. Amorphous samples
were then prepared by rapidly quenching the melt in a
helium atmosphere using the “piston-and-anvil” tech-
nique.® The foils produced were typically 40 pm thick
and 1.5 cm diam. Owing to the extreme brittleness of the
samples, however, some quenches resulted in fragments.
In fact, there was a very good correspondence between a
good quench and obtaining a whole, unbroken foil. Sam-
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ples were checked for the absence of crystallinity using a
Norelco scanning diffractometer and CuKa radiation.
Detailed diffraction studies were performed in the
transmission geometry using Mo Ka radiation (0.7107 A)
on a General Electric XRD-5 diffractometer. A focusing
LiF monochromator was placed in the diffracted beam to
help eliminate Compton scattering and elastic scattering
from photons with energies other than Mo Ka. The data
obtained were corrected for background, polarization, ab-
sorption, and Compton scattering and were then normal-
ized using the “high-angle method.”” The data acquisi-
tion was carried out in a constant count mode with 10*
counts at each data point, restricting the statistical errors
to within +1 %.

The density measurements were made on whole foils us-
ing the hydrostatic weighing technique with toluene as a
working fluid. The absolute errors in the density were
+0.5 %.

RESULTS AND ANALYSIS

The ternary alloy (RuggsZry 16);_xBx could be made
amorphous when quenched from the melt over the compo-
sition range 0.36 <x <0.54. The concentration of zirconi-
um in these alloys was found to be extremely critical, and
amorphous foils could be obtained only with zirconium
concentrations ranging between 6 and 10 at. %. Attempts
to substitute titanium for zirconium were unsuccessful, al-
though we were able to quench Pt4;ZrgB,, into the glassy
state.

The diffraction patterns for these materials exhibit ex-
tremely broad maxima. Figure 1 shows the diffraction
pattern for the alloy x=0.50 using CuKa radiation. The
first maximum is seen to be 14° wide full width at half
maximum (FWHM) as compared to a FWHM of 5°—7°
for most metallic glasses.® Another interesting observa-
tion is the intensity of the second maximum. Unlike most
metallic glasses, and akin to the Rh-B-Si glasses,! the
second maximum is almost as intense as the first.

Figure 2 shows the reduced interference functions
i(K)=K[I(K)—1] for the three glasses with x=0.46,
0.48, and 0.52. In all three cases we note the unusual fact
that the second peak is larger than the first. This was also
noted for the alloy RhgoB3,Sis.! The similarity between
the reduced interference functions for (Rug g4Zrg 16)54Bag
in the transmission and reflection geometries (Fig. 2)
clearly precludes the possibility of an oriented microcrys-
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FIG. 1. X-ray-diffraction pattern for the alloy Ru4,ZrgBso ob-

tained by using Cu K« radiation.

talline structure. ]
The reduced radial distribution functions G (r) shown in

Fig. 3 were obtained by using the relation*
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FIG. 2. Reduced interference functions i(K)=K[I(K)—1]

for the three alloys with x=0.46, 0.48, and 0.52. For x=0.46
the i(K) obtained in both the reflection and transmission
geometries are shown.
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FIG. 3. Reduced RDF’s
x=0.46, 0.48, and 0.52.
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is the Lorch filter and is employed as a convergence fac-
tor. The implications of its use have been discussed in
Ref. 9. The interference functions shown in Fxg 2 have
been multxplled by U(K), with K, =17.0 A- ! which
was the maximum K vector accessible with Mo K« radia-
tion.

If, instead of the G (r), we define the radial distribution
function (RDF) as % gpg(r)=47r2p(r); then information
about the atomic coordination in the material can be ob-
tained. The average radial dependence of the atomic den-
sity p(r) can be written as*

p(r)= 3 Wipy(r)/c; ,
with
Wi=cic;Z,Z;/|(Z)|* and I W;;=1.

Here c; is the fractional atomic composition of constituent
I, Z; is its atomic number, and p;;(r) is the average atomic
density of j-type atoms, a distance » fom an average i-type
atom. The angular brackets denote a compositional aver-
age. In the alloys under consideration,
(Rug g4Zrg 16); _xBx, the major contributions to the dif-
fracted intensity and hence to the p(r), are from Ru-Ru,
Ru-Zr, and Ru-B pairs. Table I lists the weighting factors
W;; for the three compositions. We obtain a value for the
weighted sums of the various atomic coordinations from

Rmin
n= fo amrip(rydr ,
where R i, is the minimum in p(r), immediately following
the primary maximum.

The positions of the first four maxima in the G (r)
shown in Fig. 3 are listed in Table II, along with the atom-
ic densities and the coordination numbers, calculated as
above.

Upon comparing these reduced RDF’s with those ob-
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TABLE L. List of the weighing factors, Wy, for the three alloys.

Wi (Ruy.4Zro 16)54Bas (Rug 84Zrp,16)52Bas (Rug 84Zr0 16)45Bs2
Ru-Ru 0.60 0.59 0.57
Ru-Zr 0.21 0.21 0.20
Ru-B 0.14 0.15 0.17
Zr-Zr 0.02 0.02 0.02
Zr-B 0.02 0.03 0.03
B-B 0.01 0.01 0.01

tained for binary relaxed DRP models,* it is evident that
there is a considerable difference in the predicted and ob-
served peak positions. While, admittedly, we are compar-
ing these alloys of high boron content to DRP models pro-
posed for alloys with less than 25 at. % metalloid, it is not
at all clear what similar algorithms would give for binary
or ternary alloys with 50 at. % B. In view of that, this
comparison is to emphasize the need for a radically dif-
ferent approach to the problem, rather than to criticize al-
ready existing, and in some cases successful, models. We
therefore attempt to explain the structure in terms of trig-
onal prismatic packing (TPP), as proposed by Gaskell.

In the compositionally related crystalline phases of most
“traditional” transition-metal—metalloid glasses there is
an almost universal occurrence of trigonal prismatic coor-
dination. This packing of NMg trigonal prisms is found
in crystalline phases ranging over wide compositions:
from MoP,!° to PdgP.!! Gaskell has therefore suggested
that this kind of coordination would also be expected to
represent the “dominant motif” in the glass state.’ Keep-
ing this in mind, we first look for the crystalline phases of
Ru-B that contain packings of trigonal prisms. While the
structure of RuB has been proposed as cubic,'? it has as
yet not been studied in detail. However, RuB, is known to
form the AIB, structure [Fig. 4(a)]. The unit cell of AlB,
is hexagonal, and there is one formula weight per unit cell.
The metal atom is at the origin (0,0,0), and the B atoms
are positioned at (3,%,+) and (%,+,+). This results in
alternate planar layers perpendicular to the ¢ axis [Fig.
4(b)]. Each metal atom has six equidistant metal neigh-
bors in its own plane and 12 equidistant B neighbors—six
above and six below. In the particular case of RuB,, the
length of the a axis is determined primarily by the B-B
distance since the Ru atom is relatively small. It turns out
that the Ru-Ru distance in one plane, g, is 2.852 A, while
c equals 2.855 A, resulting in a packing of trigonal prisms
with almost square faces (¢ /a=1.001). This now means
that the nearest-neighbor Ru-Ru coordination is 8 while
the nearest-neighbor Ru-B coordination remains 12.

The interesting aspect of this structure is that it im-
mediately reproduces our nearest-neighbor distance of 2.86
A (for x=0.48). Further, the second-nearest neighbor

Ru-Ru distance in the RuB, structure is 4.04 ;&o, while the
same distance obtained from the G (r) is 4.14 A, again in
good agreement. It should be noted that the V2 distance,
which is not found in the DRP structure (and the absence
of which is used to argue that octahedral coordination
does not exist in DRP models?), is indeed present here.

As it stands, there are two problems with the RuB,
structural unit: It suggests a much higher B content than
is actually present in our alloys, and it provides a third-
nearest-neighbor Ru-Ru distance of V3R,. This is the
distance between two Ru atoms which form the vertices,
in the same plane, of two trigonal prisms sharing a square
face [distance 4B in Fig. 4(a)]. No maximum is present at
this distance in the G (r) obtained experimentally.

The first rule, then, for the packing of trigonal prisms
would be that they do not share square faces. Instead, the
short-range packing would either be in the form of corru-
gated chains as found in the MoP, structure,'® or the
square faces would be capped [Fig. 4(c)] and two trigonal
prisms would share only an edge common to their triangu-
lar faces, as in the Fe;C structure.” The former structure
provides the third-nearest-neighbor Ru-Ru distance of
2R,. Yet another mode of packing could be that capped
trigonal prisms, like one of the canonical holes of a DRP
structure, are stacked around and on top of each other
[Fig. 4(e)]. The packing would then be in terms of such
capped trigonal prisms with a B atom within, and tetrahe-
dra formed between the capping atoms of two layers and
the two atoms of the triangular edge on the plane in be-
tween them [ABCD in Fig. 4(e)]. The packing in the plane
of the capping atoms would be distorted since the
undistorted vertex angle of the half-octahedron is about
75°, and this would require 4.8 half-octahedra to fill space.
With some distortion, five half-octahedra could be fitted
sharing the vertex atom, but the fivefold symmetry of the
cluster would still prevent the complete filling of space.
This is just what we require for the frustration of the alloy
into a glassy state. The distortion would also result in in-
creasing the AB distance in Fig. 4(e) to 2.82 A, which is al-
most equal to R;. This structure would have a significant
number of well-defined third-nearest neighbors at 2R,,
and that would result in a well-defined peak in the G (r) at

TABLE II. Positions of the first four maxima in the G(r) shown in Fig. 3 listed along with the
atomic densities and coordination numbers for the three alloys.

o po

Alloy R, (A) R,/R, R;/R, R4/R, n (atoms/A’%)
(Rug g4Zro. 16)54Bas 2.83 1.47 1.94 2.39 16.6 0.09223
(Rug 34Zr0, 16)52Bas 2.86 1.45 1.92 2.41 17.2 0.09483
(Rug 34Zr0. 16)48Bs2 2.84 1.46 1.92 2.38 15.9 0.09676
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FIG. 4. (a) Unit cell of AlB,, (b) Planar layers formed in the
AlB, structure, (c) Capped trigonal prism, (d) Fe;C structure,
and (e) TPP suggested for the (Rug g4Zro 16); By glasses. In (d)
and (e) only one capping atom is shown.

that distance rather than just a shoulder. This is indeed
what is observed (Fig. 3). If only about half the capped
trigonal prisms have a B atom within them, then the
structure would collapse slightly, resulting in further dis-
order. It would also result in the correct metal-to-
metalloid ratio for our alloys.

The role of the Zr atom is more difficult to quantify. It
is expected that the presence of the Zr atoms enhances the
disorder of the system. This would explain the lower limit
in the concentration range for Zr as mentioned earlier. As
the Zr concentration is increased, it is possible that the Zr
atom’s greater affinity for B causes it to define its own en-
vironment rather than merely play the role of increasing
disorder, resulting in a loss of the glassy state. The inabil-
ity of titanium to replace Zr may be because of its consid-
erably smaller size.

No systematic compositional dependence of the struc-
ture is evident, except that the second and third peaks are
better resolved in the G (r) as we increase the B content of
the alloy. This would mean that the third-nearest neigh-
bors are better defined for higher B concentrations. This
is not unexpected in view of the findings of Boudreaux
et al., that the number of trigonal prisms observed in
simulations of Fe-B glasses increased with B content.!
While their analysis is restricted to B contents of up to 25
at. %, it may not be entirely unreasonable to extrapolate to
higher B concentrations. With larger numbers of trigonal
prisms we would expect more clusters of TPP, resulting in
a well-defined third-nearest-neighbor distance of 2R ;.

The coordination number obtained in all three cases is
approximately the same, and this is indeed what we expect
since we have proposed that the local coordination in all
three glasses is the same. To within the error of +1 in the

composite coordination number, there is no compositional
dependence of 7.

These metallic glasses have the highest atomic densities
reported to date.'* Further, the density is seen to increase
with B content. This is reasonable since the B atoms
would fill the available trigonal prisms without a signifi-
cant increase in volume. Even though the atomic densities
are high, the packing fraction defined by

_ 4 (R))
PF'—37T<V) )

where R, are the Goldschmidt radii'® and the angular
brackets denote compositional averages, is typical of that
of most metallic glasses (for x=0.52, Pr=0.625). Here
we have used the Goldschmidt radius for boron in order to
obtain an upper limit for packing fraction. This typical
value for Pp obtained in spite of the large value for the bo-
ron radius, would lead us to believe that the reason for the
high atomic density is the presence of a large fraction of
small metalloid atoms rather than a denser packing of the
atoms.

CONCLUSIONS

X-ray-diffraction studies of (Rug g4Zrg 16);_xB, metal-
lic glasses in the range 0.46 <x <0.52 indicate that avail-
able DRP models are inadequate to explain the structure
of these glasses. Instead, they have a well-defined trigonal
prismatic short-range order, and the clustering of such
trigonal prisms can be used to explain the main features of
the experimentally obtained G (7). These glasses have very
high atomic densities which result due to the presence of
an unusually large fraction of small metalloid atoms. As
a follow up of this work, we propose to use small-angle x-
ray scattering in an attempt to determine the size of the
trigonal prismatic clusters, and carry out crystallization
studies which would help confirm the proposed short-
range order. Also, extended x-ray-absorption fine struc-
ture (EXAFS) on the Zr site will be carried out and will
help shed some light on the environment of the Zr atoms
and their role in the formation of the amorphous phase.
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