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First-Order, Structural Transformations in Metallic Glasses
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Magnetic evidence is presented for a first-order, structural transformation in the local
order of a cobalt-base metallic glass. The transformation is centered at 7= 180°C and
shows a scan-rate—dependent thermal hysteresis of AT =100°C. A critical volume for
nucleation of the transformation is estimated to contain approximately 200 atoms. The
transformation appears in samples which show no microcrystallites greater than 30 A
and vanishes in samples with appreciable crystallinity. The observations are discussed
in terms of model clusters of icosahedral, trigonal, and octahedral symmetry.

PACS numbers: 81.30.Kf, 71.25.Mg, 75.50.Kj

The current view of the structure of metallic
glasses—the quasicrystalline model—considers
them to be assembled of randomly oriented atom-
ic clusters whose short-range order (SRO) often
approaches that of a related crystalline phase.!
For some metallic glasses two distinct SRO’s
have been shown to coexist simultaneously, either
as phase separation® or as polymorphism.® It has
been proposed that it may be possible to observe
a reversible transformation from one SRO to
another in some glasses.*

In this Letter we describe what we believe to be
the first observation—albeit indirect—of such a
transformation in a glassy alloy. The transfor-
mation, observable in a cobalt-base amorphous
alloy as a thermomagnetic hysteresis in the mag-
netic anisotropy, is of first order and is reversi-
ble with a hysteresis of AT about a mean trans-
formation temperature T,. No change in satura-
tion magnetization is observed through the trans-
formation. The transformation is distinguished
from relaxation phenomena in glasses® by its dis-
continuous nature and by its unique kinetics which
is described by an activation energy which de-
creases with increasing | T — T | above or below
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FIG. 1. Magnetization vs temperature for the glassy
alloy CogyNb,,Bg in an applied field of 1000 Oe.

1386

T,. A model based upon changes in local cobalt-
atom symmetry is proposed to explain the obser-
vations.

Figure 1 shows the magnetization as a function
of temperature for CogNb,,B; glass. The meas-
urements were made in a vibrating-sample mag-
netometer with an applied field of 1000 Oe held
parallel to the plane of the ribbon pieces. A scan
rate of 0.5 deg/min was used. The loop can be
retraced and the width AT of the hysteresis is
proportional to the scan rate. The discrete dif-
ference in magnetization between the heating and
cooling curves is caused by a difference in an-
isotropy® between the high-temperature and low-
temperature state of the glass. This is evident
from Fig. 2 which shows two M -H curves for the
glassy CoNbB alloy taken at 75 °C (cf. Fig. 1).
The lower curve was obtained after heating from
room temperature, while the upper curve was ob-
tained after cooling from 200 °C. Although both
curves extrapolate to the same value of satura-
tion magnetization, the greater magnetization
(e.g., at 1000 Oe) of the cooling curve reflects
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FIG. 2. Magnetization vs applied field at 75°C for
the glassy CoNbB alloy of Fig. 1.
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lower sample anisotropy energy.

The kinetics of transformation from one state
to the other in Fig. 1 is shown in Fig. 3(a). The
fractional change in magnetization varies as a
function of time when the glassy alloy is held at a
fixed temperature. Notice that the high-tempera-
ture state could not form until the temperature
was greater than approximately T,=108°C. Sim-
ilarly, the sample must be cooled below T, to nu-
cleate the low-temperature state. Furthermore,
the transformation rate in either direction is pro-
portional to |T =T ,l. Empirically, it was found
that the concentration of the parent phase ¢ could
be described by

d(lnc)/dt = - A exp(—Q/ky T) (1)

where it has been assumed that ¢ is proportional
to the fractional change in magnetization. The
activation energies @ fitted to the data of Fig.
3(a) are shown in Fig. 3(b) as a function of T
-T,l. Two additional @’s are shown which were
estimated from the time to transform at the ex-
tremities of the thermomagnetic hysteresis loop,
hence their appreciable error bars. The ob-
served activation energies @ are well described
by

Q=Q,-@,|T~T, @)

where it was found that @,=0.15+0.01 eV and @,
=(1.5+0.1)x 10" 3 eV/K.

First-order, displacive transformations in
crystalline materials often show a temperature
dependence of the effective activation energy that
is similar to that described by Eq. (2) and is
usually expressed as”

Q(T)=Q, +n*Ag. 3)
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FIG. 3. (a) Isothermal transformation curves showing
the fractional change in magnetization vs time for the
glassy alloy of Fig. 1. (b) Dependence on |T — T,| of
activation energies obtained from a fit to the data in (a)
with Eq. (1).

Here »n* is the critical cluster size required to
nucleate the transformation and Ag (<0) is the
free energy per atom driving the transformation.
By substituting the thermodynamic relation Ag
=Ah —~TAs into Eq. (3) and using the entropy
change for the hep-fee transformation in pure
cobalt,® AS=0.15 cal/mole K, we can estimate
»n* =200 atoms and Ak =60 cal/mole K. This clus-
ter is comparable in size to those for displacive
transformations in crystalline transition metals
and corresponds to a sphere of approximate di-
ameter 17 A. While the physical significance of
this cluster size is not yet well understood, it
need not be associated with the range of the local
order. Rather it is more likely associated with
the range over which a transformation at one site
can couple coherently (by stress) to its neigh-
bors. The heat of transformation observed by
differential scattering calorimetry is only 9% of
that estimated above from Egs. (2) and (3). This
suggests that not all of the glassy alloy is trans-
forming. However, the volume fraction trans-
forming is sufficiently large that if it were crys-
talline, it would be detectable by x-ray scatter-
ing. Our x-ray scattering experiments (sensi-
tive to as little as 4% crystalline fraction) show
no crystallinity. We conclude that the transfor-
mation is occurring in the glassy material itself
if our estimated heat of transformation is correct
to within a factor of 2.

Stronger evidence exists supporting the posi-
tion that the transformation is occurring in the
glassy material itself rather than only within
microcrystallites which are known to be present
in some as-prepared metallic glasses.’ Trans-
mission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) were
performed on electropolished samples of our al-
loys. A typical dark-field TEM image of the
CogoNb,,B; glassy alloy is shown in Fig. 4, left-
hand side. The grainy ‘“salt-and-pepper” pattern
observed is characteristic of glassy materials
and is almost identical to that seen in the readily-
glass-forming PdSi alloys.’ For comparison, a
dark-field TEM image of a CogNb,,B; melt-spun
alloy is shown in Fig. 4, right-hand side. Note
the discrete 20 to 80 A microcrystallites which
fill approximately 10% by volume of the sample.
STEM microdiffraction on these microcrystal-
lites reveals discrete spots which can be indexed
to reflections from various hep and fec planes
(Fig. 4, patterns at lower right). In contrast only
glassy halos (pattern at lower left) have been
seen in microdiffraction from the CogNb,, By al-
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FIG. 4. TEM micrographs of CogyNb,,B; (left) and
CogNb, (B, (right) melt-spun alloys. Magnification is
the same in both micrographs. A diffuse electron
diffraction halo (left) is seen in STEM microdiffraction
from the Cogy sample and from intercrystalline regions
in the Cogy sample. Microdiffraction from the crystal-
line regions (Cog,) shows fcc and hep diffraction pat-
terns.

loys. Only the fully amorphous alloy shows a
completely reversible transformation (Fig. 1).
In the partially crystalline Cog, alloy the trans-
formation observed from the low-temperature
state to the high-temperature state (at approxi-
mately 180°C) was not able to be reversed upon
returning to room temperature. Furthermore,
when the glassy Coy, alloy was partially crystal-

lized, the transformation was not observed at all.

Thus, increasing the volume fraction of crystal-
linity in the alloy makes it increasingly difficult
to transform the material.

Relaxation is a continuous transformation; the
changes observed are between a continuum of
states, depending on the temperature at which
the sample is brought to equilibrium. Further-
more, the unique temperature at which @ (T')
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peaks in relaxation is that of the glass transition
T,. The transformation described in this Letter
is clearly between two discrete states; it is a
first-order transformation showing a latent heat
and a characteristic hysteresis. T, was found to
be greater than the crystallization temperature
470°C of our CoNbB glass,'! and thus T, is well
below T,. These same arguments, plus the fact
that the direction of the applied field was held
constant during the thermal scans, rule out the
possibility that the observed effects (Figs. 1 and
2) are due to an induced macroscopic anisotropy
such as is the case in field annealing.

We therefore interpret the change in magnetic
anisotropy in Fig. 1 as due to a discrete, first-
order transformation between two different short-
range orders in the glassy alloy. Because the
saturation magnetization is insensitive to the
transformation, the two states are probably char-
acterized by the same overall coordination (chem-
ical SRO) and differ mainly in their symmetry
(topological SRO). The model which we propose
to explain the observed effects assumes one local
configuration, stable below T, to be character-
ized by near-trigonal symmetry (stress-distort-
ed building blocks of the hcp phase of crystalline
cobalt-rich alloys) and another local configura-
tion, stable above T, to be characterized by
near-octahedral symmetry (related to the fcc
phase). These symmetries are readily obtained
by small distortions of thirteen-atom clusters of
icosahedral symmetry which, because of their
local stability, are often used in modeling amor-
phous structures,!® 13

It is suggested, then, that at room temperature
a fraction of the glassy CoNbB alloy is comprised
of randomly oriented clusters of near-trigonal
symmetry (higher local magnetic anisotropy*
and lower magnetization at 1000 Oe). The re-
mainder may be of icosahedral symmetry. At
an elevated temperature, the higher-symmetry,
near-octahedral clusters (lower local anisotropy
and higher magnetization at 1000 Oe) become
more stable, The presence of microcrystallites
strains the structure to the extent that the trans-
formation is inhibited.
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FIG. 4. TEM micrographs of CoyNb,B; (left) and
CogyNby,B; (right) melt-spun alloys. Magnification is
the same in both micrographs. A diffuse electron
diffraction halo (left) is seen in STEM microdiffraction
from the Cogy sample and from intercrystalline regions
in the Coyy sample. Microdiffraction from the erystal-
line regions (Cogy) shows fce and hep diffraction pat-
terns.



