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Micromechanism for Metallic-Glass Formation by Solid-State Reactions
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Metallic-glass formation by solid-state reactions has been observed in multilayer Zr-Co diffusion
couples and studied by cross-sectional transmission electron microscopy, Planar growth of a Co-
rich amorphous phase proceeds from each interface of the unreacted sample, thus consuming the
Co layers at a higher rate. Further annealing results eventually in a reaction of the Co-rich glassy
phase with remaining Zr. Because of the high diffusivity of the Co in the amorphous phase, Kirk-
endall voids are formed during this homogenizing process and are lined up with the periodicity of
the original layered structure.

PACS numbers: 61.40.Df, 61.5S.Hg, 66.30.Fq, 82.20.Prn

A number of amorphous metals can be obtained by
solid-state reactions without any rapid quenching of
the alloy from either the melt or the vapor: In a first
set of experiments amorphous metallic alloys were ob-
tained by diffusion of Ag or Rh atoms into an already
amorphous film of tellurium' or silicon, respective-
ly. Then, the crystalline intermetaliic compound
Zr3Rh was reported to transform at about 500 K by
reaction with hydrogen into an amorphous metallic hy-
dride 5; since the diffusion of hydrogen at this rela-
tively low temperature is still very high compared to
the metal diffusion, the reaction is assumed to be con-
trolled by the transformation of the crystalline com-
pound into the amorphous metallic hydride at the in-
terface. The amorphization can only occur because at
the reaction temperature the time necessary for nu-
cleation and growth of the stable crystalline phases is
much larger.

Metallic-glass formation through solid-state interdif-
fusion in a multilayer structure of two crystalline met-
als was reported for the first time by Johnson and co-
workers; this reaction is assumed to be driven by
the iarge negative heat of mixing of the two com-
ponents and can proceed in a broad concentration
range as iong as the annealing temperature is high
enough to allow sufficiently rapid interdiffusion of the
metal atoms, but low enough to avoid any nucleation
of the crystalline intermetallic compounds during the
reaction time. In this case interdiffusion through the
growing amorphous layer is assumed to be the dom-
inating rate-limiting factor for the solid-state amorphi-
zation. Recent Rutherford backscattering data on the
Hf-Ni reaction couple showed considerable deviations
from the Jt growth law9 for short reaction times, but
quite good agreement for longer annealing times. '

So far no direct information on the micromecha-
nisms involved in solid-state amorphization is avail-
able, since neither Rutherford backscattering nor x-ray

diffraction provides any local structural information;
both techniques probe only microscopically large areas.
Cross-sectional transmission electron microscopy
(TEM)," on the other hand, is known to be an ex-
tremely accurate technique for following growth kinet-
ics as well as for analyzing micromechanisms in thin-
film systems with well-defined layered structures. In
this Letter we present for the first time results of a
cross-sectional TEM analysis of the reaction in Zr-Co
multilayer diffusion couples which enable us to pro-
pose a model for the solid-state amorphization reac-
tion.

Zr-Co multilayer diffusion couples were prepared in
a UHV system with two rate-controlled e-beam guns
evaporating alternating layers of zirconium and cobalt;
the use of a mechanical chopper excluded any possibil-
ity of simultaneous deposition of both metals. For the
TEM samples an oxidized silicon wafer was used as a
substrate which was always kept below 273 K during
the deposition process to avoid uncontrolled reactions.
For the solid-state reaction the samples were annealed
in situ in the UHV system at temperatures around 500
K for times up to 24 h. For longer reaction times the
samples were taken out of the UHV system. Samples
for cross-sectional transmission electron microscopy
were prepared with a variation of the Sheng-Marcus
method': Two pieces of the silicon wafer were glued
face to face into a slotted stainless steel rod which was
inserted into a brass tube 3 mm in diameter. Slices
were cut from the above mentioned assembly and
mechanically thinned. For the final thinning a Tech-
nics MIM IV ion-beam mill was used operating at 6
kV. Any amorphization during the ion-beam milling
either by ion-beam mixing or by solid-state reaction
due to the heating up during the milling process could
be excluded from the microstructure observed in the
as-deposited specimen. Successfully milled specimens
were analyzed with a Philips 301 transmission electron
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microscope at 100 kV.
Figure 1 shows the x-ray diffraction patterns of

three reacted Zr-Co multilayered diffusion couples
with different overall compositions and of one of the
control samples kept at room temperature. For the
Co-20-nm —Zr-34-nm sample (Zr~5Cos5) reacted in situ
for 24 h at 473 K, the x-ray diffraction pattern exhibits
the features of an almost single amorphous phase.
The concentration of this glass is within the range of
glass formation predicted from a calculated free-energy
versus concentration diagram using Miedema's param-
eter as discussed elsewhere. ' ' '

Cross-sectional transmission electron microscopy of
an unreacted Zr47CO53 sample reveals clearly resolved
alternating polycrystalline layers of Zr and Co with
thicknesses in good agreement with those calculated
from the evaporation parameter. No amorphous phase
has been detected at the interfaces; the grain size in
both metals is below 10 nm. The electron diffraction
pattern consists of the well-known lines for fcc Co and
hcp Zr in agreement with x-ray diffraction.

More interesting are pictures of partially reacted
samples as shown in Figs. 2(a) and (2b) (annealed
in situ for 2 h at 483 K): On top of an amorphous

Si02-substrate layer a polycrystalline Zr layer can be
revealed which was originally only half as thick as all
the other Zr layers in order to symmetrize the dif-
fusion process. After the mentioned annealing this
layer is separated from the polycrystalline Co by an
amorphous layer which exhibits the typical diffuse pat-
tern of amorphous material due to the lack of long-
range order. The following sequence of layers is indi-
cated in Fig. 2(b) which demonstrates the strictness of
the glass formation by the solid-state reaction. At each
Zr-Co interface an amorphous layer is formed; all
these layers show a uniform thickness and no signifi-
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FIG. 1. X-ray diffraction pattern (Cu Kn radiation) vs
scattering angle for four multilayer samples: (a) ZrsoCoso,
(b) Zr4sCoss, (c) Zr4OCo6o (all reacted 24 h at 200'C in situ);
(d) Zr4OCo6O (control film kept at room temperature).

FIG. 2. (a) Cross-sectional TEM of a Zr-Co multilayer
diffusion couple reacted 2 h at 210'C (see. text for explana-
tion). (b) Same as (a) on a smaller magnification: Note the
strictness of the glass formation at each interface and its
planar growth. (c) Cross-sectional TEM of a Zr-Co multi-
layer diffusion couple reacted over 100 h at 210'C. The
reaction is almost complete with some remaining Zr crystals
(black spots) and rows of Kirkendall voids.
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cant deviation from a planar growth could be detected.
It has to be mentioned that during this annealing for 2
h at 483 K in both metals grain growth proceeds up to
a size comparable with the thickness of each layer. No
Kirkendall voids are observed at this stage of the reac-
tion.

Comparing the original thicknesses of the crystalline
layers with the remaining ones shown in these micro-
graphs, we observe a very asymmetric transformation
rate, i.e., each amorphous layer consumed about twice
as much Co as Zr. From this thickness relation one
can calculate the average concentration of the amor-
phous layer to be about Zr20Co80.

Figure 2(c) shows a sample after annealing for over
100 h at 500 K which exhibits an almost complete
amorphous microstructure with just a few, small Zr
crystals. These crystals are lined up indicating that
they are not formed by crystallization of the already
fully amorphized specimen, but are a remainder of the
polycrystalline Zr layers. In this stage of the reaction a
large number of Kirkendall voids are observed which
form rows with the same periodicity as the original bi-
layer structure including the swelling of the material.
Apart from one sharp ring which can be attributed to
the Zr crystals the electron diffraction pattern consists
of very broad rings. These rings are considerably
broader than usually observed in liquid-quenched me-
tallic glasses indicating a composition gradient in the
amorphous phase.

These results can be summarized in a schematic dia-
gram (Fig. 3) of the micromechanisms which proceed
during amorphization by solid-state reactions. Since

we observe the formation of amorphous layers of uni-
form thickness at each Zr-Co interface, nucleation of
the amorphous phase is certainly very easy. We can
conclude that the time necessary for nucleation is
much smaller than for growth. Grain boundary triple
points are known as preferred nucleation sites for
heterogeneous nucleation of incoherent phases. The
Co as well as the Zr layers consist of very small grains,
thus exhibiting a large number of phase boundary tri-
ple points and therefore a very high density of nu-
cleation sites for the amorphous phase. In recent ex-
periments with thin Ni and Zr foils' ' grains are or-
ders of magnitude larger than in our vapor-deposited
films, but the cold working process necessary to
reduce the thickness would produce a large number of
defects and steps; such highly distorted interfaces
might have already a structure similar to that of the
amorphous phase.

As mentioned above, the growth of the amorphous
layers is very asymmetrical leading to the formation of
a Co-rich glass. Zr-Co glasses of about this composi-
tion are supposed to be the most stable, i.e., to be the
glasses with the highest crystallization temperature.
From a semiquantitative free-energy versus concentra-
tion diagram we know that an amorphous phase of
such a composition can exist in a metastable equilibri-
um with pure crystalline Co. Obviously, it is easier for
the system to achieve this metastable equilibrium than
the other one between a more Zr-rich glass and pure
crystalline Zr. Atomic jumps across the interface,
which lower locally the free energy of the system,
seem to be easier for the smaller Co atoms, thus estab-
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FIG. 3. Schematic diagram of the reaction process: Note the asymmetric (2:I) growth in the first step of the amorphization
and the high Co concentration of the glass (on average). Homogenization of the alloy produces Kirkendall voids.
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lishing a highly mobile crystalline-Co —Co-rich-glass in-
terface. Note, that no Kirkendall voids are observed
during this first step of the reaction, and it is of in-
terest that the material can accommodate the stress in-
volved in the diffusion process which might even help
to form the amorphous phase.

If crystalline Zr is left after the first step of the reac-
tion, homogenization of the system has to occur dur-
ing a further step thus lowering the free energy of the
system to its local minimum by reducing the Co con-
tent of the amorphous layer. Since we assume that Co
atoms have a much higher diffusivity than Zr atoms in
glassy Zr-Co alloys, the homogenization process will

produce Kirkendall voids as shown in Fig. 2(c). The
distance between the rows of these voids corresponds
to the original thickness of the crystalline bilayer in-
cluding the swelling, but the position is shifted to the
middle of the original crystalline Co layer.

Growth of the amorphous layers seems to be
diffusion-limited following a shifted Jt law. To ex-
plore the kinetics of these reactions in more detail,
systematic studies using cross-sectional transmission
electron microscopy are currently under way.
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