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The amorphous metallic glass (Mog ¢Rug 4)s,B1s was annealed for various lengths of time
at temperatures up to 650°C. The changes in structure due to these annealing treatments
were determined by measurements of superconducting properties (T, B.,,J.), electrical resis-
tivity (p,), low-temperature specific heat (electronic coefficient y), small-angle x-ray scatter-
ing (SAXS), and transmission electron microscopy (TEM). At lower annealing temperatures
(<450°C) only small changes occurred in the composition-dependent parameters (T,y) but
large degradations were exhibited in those quantities (J,, fracture strain) sensitive to the de-
fect structure. No evidence of microstructural changes was revealed by SAXS or TEM in
this regime. At higher annealing temperatures (or longer times) evidence for the develop-
ment of, first, phase separation, then, the beginnings of crystallization was found by SAXS
and TEM. In this regime larger degradations of T, and ¥ occurred along with a change in
the form of the F,(b) curve (i.e., a change in the fluxoid pinning mechanism). The above
observations imply annealing-induced long-range compositional variations. The activation
energy for the onset of long-range compositional inhomogeneity was determined to be 309
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kImol~! (3.2 eV).

I. INTRODUCTION

It has become clear in recent years that some sort
of inhomogeneities or structural defects must be in-
fluencing many of the properties of metallic glasses.
Metallic glasses are obtained by rapid solidification.
The liquid state can be “trapped” by cooling down
below the glass transition temperature T, before nu-
cleation of the crystalline state can occur. During
rapid quenching the atoms do not have time to relax
to their lower-temperature configuration, and there-
fore the quenched glass exists in a metastable state
with respect to a relaxed, more stable glassy state as
well as to the crystalline state. On annealing, the
metastable quenched-in structure relaxes to more
stable configurations. This structural relaxation is a
fundamental characteristic of amorphous alloys.
Relaxation phenomena also have been documented
for amorphous polymers and oxides. Relaxation in
metallic glasses can influence a wide range of physi-
cal properties including density as well as magnetic
and electrical properties. It has become well estab-
lished that structural relaxation must be taken into
account when studies are made of kinetic processes
such as diffusion and viscosity. A microscopic
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model for structural relaxation in metallic glasses
has recently been proposed by Egami, Vitek, and
Srolovitz.! They review the changes in physical
properties that can occur during structural relaxa-
tion and present a model based on their description
of defects in the amorphous structure.>*> They have
defined structural defects in terms of atomic-level
internal stresses and local symmetry coefficients as
determined from a computer-generated model of the
amorphous structure. The results of their analysis
provide two kinds of defects: (1) positive or negative
local-density fluctuations and (2) regions of large
shear stress and large deviations from spherical sym-
metry.

The radial distribution function (RDF) deter-
mined from diffraction experiments is the only
directly observable structural quantity. Srolovitz
et al.> have compared the RDF from relaxed re-
gions of their computer-generated model with the
RDF from the defects. The difference in these
RDF’s was assumed to simulate an annealing experi-
ment if annealing serves to annihilate defects—
mainly by recombination of positive- with negative-
density fluctuation regions. The calculated RDF
showed a marked similarity to an experimentally
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measured change in RDF due to annealing.* The
experimentally determined RDF had been deter-
mined by energy-dispersive x-ray diffraction. This
model would appear to account for certain observa-
tions like the small change in density (~0.5%) on
relaxation® better than the older free-volume
models.%’

In addition to density fluctuations, metallic
glasses have also been observed to undergo phase
separation®~!* into two amorphous phases. Such
observations were made by use of small-angle x-ray
scattering (SAXS) and transmission electron micros-
copy (TEM). Phase separation results in an inhomo-
geneous material on a spatial scale which ranges
from nanometers to micrometers and certainly influ-
ences physical properties of the material.

More experimental verification of the nature of
defects and inhomogeneities in metallic glasses is
needed. One approach to this problem is to study a
structure-sensitive property as a function of thermal
or mechanical treatments which are likely to change
the defect density or distribution. We have observed
that the superconducting critical current density J,
can be reduced ~50% by inhomogeneous deforma-
tion of an amorphous (Mog ¢Rug 4)5,B 5 alloy.!! J,
is an extremely structure-sensitive property which is
controlled by the interaction of the superconducting
fluxoid lattice with inhomogeneities (defects).
Furthermore, J, provides some guidance on the
“size” of the defect responsible for fluxoid pinning
since inhomogeneities much smaller than the super-
conducting coherence length will not influence J,.
This value is 8.3 nm for (Mog ¢Rug 4)s,Bs.!! We
concluded J, could be used as a probe of the defect
structure in metallic glasses.

Small-angle x-ray or neutron scattering can be
used to study inhomogeneities in the range 1.0 to
100.0 nm, precisely the range expected for the size
of defects in metallic glasses. Since small-angle x-
ray scattering is only sensitive to fluctuations in
electron density, it is a probe of inhomogeneities
that does not depend on the periodicity of the atom-
ic structure.

This paper reports the results of annealing experi-
ments on the amorphous alloy (Mog ¢Rug 4)8:B;s in
which J, and SAXS measurements were used as the
principal probes of the structural changes. The su-
perconducting transition temperature 7T, and upper
critical field B,,, are much less structure-sensitive
parameters. However, small changes in 7, have
been reported for relaxation in several metallic
glasses'>!3 and T, and B., were also monitored in
this study. The electronic coefficient of low-
temperature specific heat was obtained from the su-
perconducting measurements as well as being direct-
ly measured by heat capacity. In addition, the frac-

ture strain was determined as a function of anneal-
ing whereas high-angle x-ray diffraction and
transmission electron microscopy were used to
search for evidence of crystallization.

II. EXPERIMENTAL

Amorphous alloys of composition
(Mog ¢Rug 4)3,B3 were prepared in an arc hammer
apparatus at Oak Ridge National Laboratory
(ORNL) or a two-piston apparatus at California In-
stitute of Technology (Cal. Tech.) as previously
described.!* !> The rapidly quenched foils were typi-
cally 1.5 to 2.0 cm in diameter and 30 to 40 um
thick. After quenching, the foils were examined by
high-angle x-ray diffraction in Norelco (Cal. Tech.)
or Philips (ORNL) diffractometers using CuKa ra-
diation and step-scanning at 0.1° intervals (Cal.
Tech.) or 0.02° intervals (ORNL). The typical amor-
phous diffraction pattern was observed in all cases.
Samples showing any resolvable Bragg peaks, which
indicate some crystalline material, were rejected.

Samples for superconducting property measure-
ments were cut from the quenched disks in the
shape of strips 8—10-mm by 2 mm wide with a dia-
mond slitting saw. These samples were encapsulated
in quartz tubes which had been evacuated to a pres-
sure of 1.3 1073 Pa (1X 10~ Torr) and backfilled
with a partial pressure of pure argon.

Samples for SAXS and TEM were cut from the
foils in the form of 3-mmdiam. disks and similarly
encapsulated. For many of the SAXS specimens an
entire quenched foil was used. The samples for
SAXS were thinned either by mechanical polishing
on 600-grit emery paper or electrolytically to
~10—15 pm (~2 optimum transmission thick- .
nesses for CuKa x radiation). Since samples
thinned by both of these techniques exhibited identi-
cal results for the same condition it was concluded
that the mechanical polishing was not affecting the
structure. Annealing was carried out in muffle fur-
naces. Since deviations in the precise boron concen-
tration and quenched-in defect structure might re-
sult in scatter in the superconducting property mea-
surements, the same samples were used for isochron-
al (1 h) anneals at temperatures up to 600°C for the
J. measurements. That is, the samples were con-
secutively annealed, measured, annealed at the next-
higher temperature, measured, etc. Samples for the
SAXS measurements in which more and longer an-
nealing times were used were taken from the same
quenched disk as much as possible for a series of
times or temperature.

A standard four-probe resistive method was used
to measure J,. These measurements were made in
liquid He at 4.2 K. A voltage criterion of 2 uV was
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taken to define J,. The magnetic field, provided by
a 7.2-T superconducting solenoid, was applied per-
pendicular to the wide surface of the samples to
minimize contributions from surface pinning.
Normal-state resistivity was also measured from 7,
up to room temperature. While 7, measurements
were determined resistively, more accurate values
were obtained by an ac susceptibility technique
which has been described elsewhere.'® A calibrated
Ge thermometer was used as the temperature sensor
and a pure lead sample was kept in the measuring
coils as an internal calibration check for temperature
measurement.

Low-temperature heat capacities C were measured
using a small-sample calorimeter of a design similar
to that described by Ride!” and by Stewart and
Giorgi.!® The thermal relaxation method was used
with an electronic system roughly similar to that
described in Ref. 19. The sample holder used for
these measurements consisted of a 1.9-cmdiam.,
0.025-cm thick sapphire disk on which an amor-
phous CuZr heater was vapor-deposited. The gold
leads of a germanium resistance thermometer
(trimmed to a length of 2 mm) were attached to the
disk and to 0.004-cm diam. manganin leads with
silver-impregnated electrically and thermally con-
ductive epoxy. Heater leads and an 0.005-cm diam.
copper wire, approximately 15-cm long and wound
into a coil, which served as a heat link between the
sample assembly and a heat reservoir, were similarly
attached to the disk. Samples were stuck to the disk
with 200—400 pg of Apiezon N grease, the heat
capacity of which has been measured by others.?%?!
Our sample mass was approximately 20 mg, and its
heat capacity was about half of the total for sample
plus addenda (sample holder and grease) at 7 K.
Thus, our major error is uncertainty in the previous-
ly measured heat capacity of the sample holder. A
50-mg, high-purity copper disk, which over the tem-
perature range of interest (6—11 K) has a heat capa-
city approximately the same as our specimen’s, was
used as a standard. Several measurements of this
standard, with this and other addenda, have yielded
values of the intercept ¢ and the slope B of C/T vs
T? which were all within 4% of the accepted litera-
ture values for copper. For the MoRuB specimens,
the individual data points generally deviated from
the linear least-squares fit of C/T vs T2 by less than
3%. The error bars in Fig. 2 represent the 20 or
95% confidence limits for the value of y as deter-
mined by the scatter in the data.

The small-angle x-ray scattering experiments were
performed on the ORNL 10-m small-angle x-ray
scattering camera.”? Cu Ka radiation was used. The
incident radiation was monochromated by diffrac-
tion from the (00.2) planes of a pyrolytic graphite

crystal and collimated with two 1X1-mm? slits
separated by 1.2 m. The scattered radiation was
recorded with a two-dimensional position-sensitive
x-ray detector and then stored in the memory of a
minicomputer. The incident-beam power was cali-
brated by the multiple-foil method using pure nickel
foils. After the background had been subtracted and
correction made for the spatial sensitivity of the
detector, isointensity contour maps for each speci-
men were plotted. Based on the isointensity contour
maps, the circular averages of the scattering intensi-
ty I(K) were computed, where the scattering vector
K =(4m /A)sin6 and 20 is the scattering angle. We
have identified multiple scattering as a significant
contribution to the higher-angle (K >2 nm™!)
scattering intensity. This region of “flat” I vs K,
presumably due to a combination of multiple
scattering and Laue monotonic intensity terms, was
subtracted from the intensity which was normalized
to absolute electron units. This corrected intensity
was compared to Guinier’s law and Porod’s law.??
In those samples which appeared to obey the
Guinier and Porod laws a size distribution of the
scattering entity was calculated using an analytical
method developed by Fedorova and Schmidt?** and
modified by Yoo et al.?®

The strain to fracture in bending Ef was mea-
sured on the annealed (Mog ¢Rug 4)3,Bs samples as
an estimate for ductility. This measurement was
carried out by bending the foils around progressively
smaller diameter cylinders until fracture was ob-
served. The strain was determined by ¢ /2r, where ¢
is the sample thickness and r is the radius of curva-
ture at which fracture occurs. Some samples could
be folded back on themselves without fracture. The
yield strain E? (0.025) previously determined for this
material was used to normalize the data. Thus a
sample which did not fracture on folding back on it-
self but did plastically yield, would have
Ef/E?=1.0 since in tension, in a metallic glass
E/~E”. Samples exhibiting some embrittlement
would thus give values of E//E” <1.0.

III. DISCUSSION OF EXPERIMENTAL RESULTS

A. T, B, pn, and y

The superconducting transition temperatures T,
were normalized by dividing by the T, for the as-
cast samples T.o. A plot of T,/T,y vs annealing
temperature is presented in Fig. 1 for four different
samples. It is apparent that at temperatures of
300°C or higher T, shows a degradation from T,
which is temperature, time, and specimen depen-
dent. The degradation observed was a maximum of
about 16% for sample B annealed 500 h at 600°C.
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FIG. 1. Normalized superconducting transition tem-
perature T, /T,o vs annealing temperature.

For sample 4, given progressive 1-h anneals, values
for B.; p, (normal-state resistivity), and
dB.,/dT | r, were also measured and are listed in
Table I. B., decreases slowly with increasing tem-
perature, reaching a minimum at 450°C (18% de-
crease) and then rises dramatically at 500°C (25%
increase). This behavior is also reflected in
dB.,/dT |1, which first decreases (11%) up to
400°C then increases again at 500°C by ~27%.
Values for p, exhibit changes of less than 5% over
the range of annealing temperatures, which is prob-
ably within the limits of experimental error for this
measurement. The Sommerfeld constant y can be
calculated from the above parameters according to
the Ginzburg-Landau-Abrikosov-Gor’kov (GLAG)
theory for type-II superconductors by the expression

w3 kg 1 dBy
L I (1)
12 e p, dT |1,

TABLE 1. Superconducting parameters used in cal-
culating y.

Annealing

temperature B, Pn dB.s/ar Y
(°C) (T) (Q m) (T/K) (mJ/molK?)
25 5.65 1.48x10~% 235 2.87
100 5.65 1.48x107% 235 2.87
150 5.55 1.49x10°%  2.31 2.80
220 535 1.46x10°¢ 224 2.77
300 525 1.49x107% 2.24 2.72
400 470 1.53x10°% 2.10 2.48
450 4.65 1.50x10-¢ 2.16 2.60
500 5.80 1.55%x107% 2.86 3.33
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FIG. 2. Normalized electronic coefficient of low-
temperature specific-heat capacity ¥/, vs annealing tem-
perature for 1-h anneals.

where kp is the Boltzmann constant and e is the
electron charge. This expression should be applic-
able near T, and in the dirty limit, that is, where the
normal electron mean free path is much less than
the superconducting coherence length. This
criterion is met by (Mogy¢Rug 4)5:B1s since the
coherence length is 8.3 nm (at 4.2 K) and the
mean free path is ~0.3—0.4 nm.'"! It has been
shown that ¥ calculated from the GLAG expression
agrees closely with y determined from low-
temperature specific-heat capacity measurements for
(Moo, ¢RUg.4)100—xB; alloys.”

The T,/T,q values for sample D in Fig. 1 were
obtained from the low-temperature specific-heat
capacity measurements. Sample D apparently shows
a slightly greater degradation in 7, at a given an-
nealing temperature than sample 4 for progressive
1-h anneals.

The variation of ¥ with annealing temperature as
calculated from the GLAG theory is also given in
Table I for sample A. The values of ¥ normalized
by 7o, the value for the as-cast samples, are plotted
against annealing temperature in Fig. 2 for sample 4
(y calculated from the GLAG theory), and sample
D (y obtained from low-temperature specific-heat
capacity measurements). The y,’s for these samples
differed by <5%; sample 4, 7,=2.87 mJ/mol K?,
sample D, 7o=3.01 mJ/mol K?. Both samples first
exhibit a decrease with increasing annealing tem-
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perature followed by a sharp increase to y values
greater than y,. Sample D showed a further marked
decrease after annealing at 650°C, a heat treatment
which produced partial crystallization as revealed by
x-ray diffraction. The structure of samples 4 and D
for all lower annealing temperatures in Fig. 2 was
amorphous to the resolution of high-angle x-ray dif-
fraction, and confirmed by the results of SAXS and
TEM to be described below. Since y is proportional
to the density of electronic states at the Fermi level
N(Epg), the electronic structure of amorphous
(Mog ¢Rug 4)g:B1s undergoes substantial changes on
annealing in the temperature range 400—600°C.
The Debye temperature ®@p,, measured for sample D
of 320 K, showed a small increase for annealing
temperatures >400°C to ~340 K and remained
essentially constant at the higher-temperature an-
neals.

The differences in the ¥ vs annealing temperature
behavior between samples 4 and D suggest different
kinetics for the structural and/or compositional
changes responsible. That is, sample 4 would ap-
pear to have enhanced kinetics due to, perhaps,
differences in the quenched-in glassy structure, com-
positional variations, etc. However, the degradation
of T, on annealing is comparable for the two sam-
ples (Fig. 1) with a slightly faster decrease for sam-
ple D. A possible explanation for these contradict-
ory results may reside in the measuring techniques.
Low-temperature specific-heat capacity is a bulk
property measurement, whereas dB,.,/dT depends
on the connectivity of the material, i.e., a continuous
filament with a lower value for B, can mask the
higher B,, of its matrix. If this explanation for the
results shown in Fig. 2 should be correct, it implies
that the amorphous (Mog ¢Ruy 4)5,B15 alloys become
compositionally inhomogeneous during annealing at
the higher temperatures. Evidence for the develop-
ment on annealing of compositional inhomogeneity
will be presented for the other experimental probes
to be discussed.

B. J., F,

The bulk pinning force F, was calculated from
the experimental values for J; and B (F,=BJ,). In
Fig. 3, F, is plotted against the reduced field
b=B/B.,. The solid curve represents the F,(b)
values for as-cast amorphous (Mog¢Rug 4)s,Bs.
This sample was annealed at progressively higher
temperatures. As illustrated in Fig. 3, annealing at
temperatures up to 450 °C results in the degradation
of F,. The shape of the F,-vs-b curve stays the
same with the maximum in F, remaining at about
b=0.15. This degradation in F, is very similar to
that which we have observed after inhomogeneous
deformation of amorphous (Mog ¢Rug 4)5;B5 (Ref.
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FIG. 3. Volume fluxoid pinning force F, vs reduced
field b =B /B,,.

11). The degradation increases with increasing an-
nealing temperature up to 450°C. At this tempera-
ture the lower-field portion (b <0.5) of the F,-vs-b
curve continues to be degraded while an increase in
F, is observed for b >0.5. After the 500°C anneal
the shape of the F,-vs-b curve has been completely
altered with the maximum in F, occurring near
b=0.4. The change in shape of the F, (b) curves
and the increase in the magnitude of F, for the
500°C anneal suggest that a different fluxoid pin-
ning mechanism is activated at the higher annealing
temperatures (>450°C). The changes in F, with
annealing temperature are illustrated explicitly in
Fig. 4 by normalizing F, by F, for the as-cast condi-
tion for two values of reduced field; b =0.15 which
represents the peak in F, for the as-cast condition
and annealing temperature <450°C, and b =0.5.
F,/F, as-cast is seen to decrease with annealing
temperature to a minimum at 400°C where a degra-
dation of 55—60 % is noted. That F, (J.) is a sensi-
tive parameter to monitor structural changes can be
illustrated by comparing Fig. 4 with Fig. 1. A 1-h
anneal at 300°C produces only a 1% change in
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FIG. 4. Normalized volume pinning force F, /F;>*" vs
annealing temperature for 1-h anneals.

T, /T,q (Fig. 1) while the same treatment changes F,
(J.) by 25—40% (depending on the b chosen). It
would appear that the short-range changes in topo-
logical and chemical order which occur during re-
laxation of the as-cast structure (T, <450°C) have
only a small effect on T, which is mainly controlled
by composition, while F, (J.), which is sensitive to
inhomogeneities on the scale (or larger) of the super-
conducting coherence distance (8.3 nm), shows sub-
stantial changes. The larger effects observed in T,
and y at annealing temperatures >450°C along with
the apparent drastic change in fluxoid pinning
mechanism imply a substantial alteration of the
structure of amorphous (Mog¢Rug 4)s;B1s. The
SAXS results presented in the next section were per-
formed to help understand these changes.

C. SAXS

The SAXS measurements were carried out on a
series of (Mog ¢Rug 4)5,B13 samples annealed for a
wider range of times and temperatures than had
been used in the study of J.. Figure 5 presents a
SAXS data set for a sample annealed 315 h at
550°C. The intensity, corrected for background, etc.
but given in arbitrary units, is plotted against
K =41sinf /A where A=0.154 nm for copper Ka
radiation. The “flat” portion of the I(K) curve for
2<K <3.5 nm~! is believed to be due to a combina-
tion of multiple scattering and the Laue monotonic
contribution. This intensity was thus subtracted
from the intensity for K <2 nm~! to isolate the
scattering from the inhomogeneities of interest.
After this was done and the intensity data put into
absolute (electron) units, plots of Inf vs K were
made. In Fig. 6 we illustrate four curves which are
representative of the SAXS data observed. Curve
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FIG. 5. SAXS intensity vs K =4 sinf /A for amor-
phous (Mog ¢Ruy 4)5:B13 annealed 315 h at 550°C.

“A” is for a sample in the as-cast condition. The
SAXS intensity is relatively low, and attempts to fit
the data to either Guinier’s or Porod’s law were un-
successful. Samples annealed at low temperatures
( <450°C) showed no measurable changes in the
SAXS data from that of the as-cast condition. (Al-
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though there is considerable scatter in the data,
there is an indication that the SAXS intensity may
even have decreased under these annealing condi-
tions.) At somewhat higher annealing temperatures,
behavior as shown by curve “B” is observed, which
is for a sample aged 1 h at 500°C. The SAXS inten-
sity is increased over that for the as-cast condition,
but the Guinier or Porod laws are still not able to fit
the data. At still higher annealing temperatures or

2 l T a
[}
o} ° e -
o
a
8 -
— o
o
£ o
6 |- e -
u]
DU
=]
4 m
O
o
a
2 | L L
55 -45 -35 25 -5
In (K)
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obeyed.
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FIG. 9. Size distribution of scatterers. Size distribu-
tion vs scatterer diameter.

longer times, peaks in the I (K) curves are observed
as illustrated by curve “C” for a sample aged 1 h at
550°C. Peaks in I(K) such as this are not readily
explained by the theory of small-angle scattering.
They can be assumed to represent a “pseudo-Bragg
peak” attributed to a periodicity in the scattering en-
tity. If this assumption is made, the I(K) peak for
curve C would represent a periodicity of ~7.9 nm.
After still higher annealing temperatures or longer
times, the peaks in I(K) disappear and curves such
as “D” are obtained. The data of curve D can now
be fitted to the Guinier law and the Porod law as il-
lustrated in Figs. 7 and 8, respectively. The radius
of gyration for the scatters calculated from the fit to
Guinier’s law®® is 6.8 nm while that determined
from Porod’s law? is 5.5 nm. The distribution of
the size of the scatterers versus the diameter of the
scatterers, if spherical entities are assumed, is
presented in Fig. 9. A distribution of size with
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FIG. 10. Annealing temperature vs log;, annealing
time. Region I: SAXS comparable to as-cast samples;
Guinier or Porod laws not obeyed. Region II: Peaks in I
vs K curves—periodic scattering entities. Region III:
Guinier and Porod laws obeyed, discrete scatterers.
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peaks at ~2.0, 5.0, and 11.0 nm is observed. The
average diameter of this distribution is 4.3 nm.

The SAXS results are summarized by the anneal-
ing temperature vs logo time plot of Fig. 10. The
data can be separated into three regions. In region I
represented by circular data points, little difference
is observed in the scattering intensity from that of
the as-cast condition. No Guinier or Porod region is
seen. In region II, with triangular data points, peaks
in the I(K) curve are noted as in curve C of Fig. 6
but the data do not fit either the Guinier or Porod
laws. Finally, at the highest temperatures and long-
est annealing times, region III represented by the
square data points gives I(K) curves which can be
fitted by Guinier’s and Porod’s laws. While none of
the samples represented in Fig. 10 showed any evi-
dence for crystallization to the resolution of high-
angle x-ray diffraction, transmission electron mi-
croscopy revealed small (5—10 nm) crystalline pre-
cipitates present in region III where Guinier’s and
Porod’s laws are obeyed, but not in the other re-
gions.

The boundary between region I and II (Fig. 10) is
well defined. Therefore, an activation energy could
be determined for the rate of the development of the
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FIG. 11. log;o annealing time vs reciprocal of absolute
annealing temperature for the onset of region II, Fig. 10.

periodic entities in region II. Aging time versus
1/T is presented in Fig. 11 for this boundary, pro-
viding an activation energy of 309 kI mol~! (3.2 eV).
This value for an activation energy falls within the
range of activation energies observed for crystalliza-
tion in several metallic glass systems.?’

D. Fracture strain

The strain to fracture E/, normalized by the yield
strain E¥=0.025, is plotted against annealing tem-
perature in Fig. 12. In samples which yield plasti-
cally Ef/E? is defined to be equal to 1. It is clear
that annealing causes embrittlement of amorphous
(Mog ¢Rug 4)5,B13 which is both temperature and
time dependent—that is, a kinetic phenomenon.
There is no obvious correlation between the SAXS
results and the onset of embrittlement. Embrittle-
ment begins in region I of Fig. 10 where no clear
change in SAXS is evident. For example, the speci-
men aged 1 h at 500°C exhibits no embrittlement
while the sample annealed 10 h at 500 °C shows con-
siderable embrittlement even though their SAXS
curves are very similar. Thus the embrittlement ob-
served in (Mo ¢Rug 4),,B;g is most probably due to a

short-range change in chemical and/or topological
order which is not directly observed by SAXS.

IV. DISCUSSIONS

A. Annealing at temperatures <450°C

The annealing of (Mog ¢Rug 4)3,B;s at tempera-
tures below 450°C appears to give rise to structural
relaxation similar to that which has been studied in
many metallic glasses. The degradation of J, sug-
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FIG. 12. Fracture strain E/ normalized by the yield
strain E” vs annealing temperature.
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gests the annealing of defects responsible for fluxoid
pinning. While the nature of the defects existing in
metallic glasses is not yet well defined, computer
modeling studies' > have recently suggested forms
for defects which we can use in our speculation.
The positive- and negative-density fluctuations,
which are regions of hydrostatic stress, could anneal
out by annihilation. While these defects, as
modeled, are too small (~ a few atomic distances) in
extent to account for fluxoid pinning in the as-cast
structure if randomly distributed, clusters of the de-
fects could provide fluxoid pinning. It is clear that
some defect essentially invisible to TEM and SAXS
is responsible for the fluxoid pinning and the stress
fields of such clusters of density fluctuations might
be likely pinning centers. The previous results!! on
degradation of fluxoid pinning by inhomogeneous
deformation might also be explained by these defects
if mechanical annihilation of the density-fluctuation
defects could be assumed.

The small changes in T, and y during the relaxa-
tion anneals are consistent with previous studies!®28
and must reflect the short-range atomic movements
occurring during relaxation.

The annealing embrittlement of (Mog gRug 4)5,B18
begins in the temperature-time regime (region I, Fig.
10) in which there is no evidence from SAXS for
phase separation. While phase separation has been
suggested as the mechanism for annealing embrittle-
ment in several metallic glasses,?® 3! it does not ap-
pear responsible for the embrittlement of
(Mog 6Rug 4)g:B1s. Presumably the structural relax-
ation that occurs in region I and is responsible for
the degradation in J,, causes embrittlement by a
short-range change in the topological and/or chemi-
cal structure of the alloy.

B. Annealing at temperatures >450°C

The changes in the F,(b) curve, large changes in
T,, 7, and SAXS all suggest a substantial change in
the structure of amorphous (Mog gRug 4)5,B15 which
transcends the short-range structural relaxation.
The SAXS data point to the development of periodi-
cally arranged scatterers (region II, Fig. 10) which
then sharpen in extent such that clearly defined
“particles” with defined radii of gyration can be in-
ferred from Guinier’s and Porod’s laws (region III,
Fig. 10). Such scatterers might be incipient crystal-
lites. There is no evidence from high-angle x-ray
diffraction for crystallization. However, high-
resolution transmission electron microscopy and dif-
fraction revealed fine crystalline precipitates in re-
gion III, Fig. 10, with diameters of 5—10 nm—
consistent with the radii of gyration obtained in the
SAXS measurements. Thus, although crystalline

phase nucleation does seem to occur ultimately, it
occurs only in the latest stages of annealing studied
here. No evidence for crystallization could be ob-
tained by TEM for samples in region II. The
development of a chemical inhomogeneity without
evidence for crystallization suggests phase separa-
tion. Piller and Haasen®® have recently observed the
presence of boron-rich domains in the metallic glass
FeyoNiyoB,y using a novel atom-microprobe tech-
nique. Upon annealing their samples well below the
glass transition, they observed that these domains
grow in spatial extent as well as in boron content.
The domains were found to have a typical dimen-
sion of 3—5 nm and a boron content of ~25 at. %.
The present results on (Mog ¢Ruyg 4)3,B13 are con-
sistent with a similar type of microscopic phase
separation. Recent studies of (Mog¢Rug4);_xBx
glasses as a function of boron content (x) have sug-
gested that the structure and properties of these
glasses change rather rapidly with increasing boron
content.>? This has been interpreted to indicate that
alloys with low boron content (x <0.18) have
predominantly one type of local structure while
those with high boron content (x >0.18) have a
second distinct type of local structure. At x =0.18,
the glass would seem to contain regions with both
types of local structures. The present data suggest
that this may result in a phase-separated morpholo-
gy which grows on annealing at temperatures suffi-
ciently high to permit boron diffusion over atomic
scale distances. The growth of these domains could
explain the change in the flux pinning profile (Fig.
3) following annealing at temperatures above 450°C.
It could also account for the dramatic increase in
small-angle scattering observed after high-
temperature annealing, but prior to crystallization.

V. SUMMARY

The changes in structure of the metallic glass
(Mog ¢Rug 4)3B1s on annealing were followed by
several experimental methods. These included mea-
surements of T, p,, B.s, 7, J., SAXS , TEM, and
fracture strain. At lower annealing temperatures
(<450°C) only small changes occurred in the
strongly composition-dependent parameters (T,%)
while those quantities sensitive to the defect struc-
ture (J,, fracture strain) exhibited substantial degra-
dations. No evidence of structural change was re-
vealed by SAXS or TEM in this regime suggesting
short-range atomic rearrangements are responsible
for the relaxation processes influencing J, and frac-
ture strain.

At higher annealing temperatures and longer an-
nealing times evidence for the development of, first,
phase separation, then ultimately the beginnings of
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crystallization was obtained by SAXS and TEM.
These changes, involving longer-range compositional
variations, produced larger degradations of 7, and ¥
and a change in form of the F,(b) curve, represent-
ing a change in the fluxoid pinning mechanism.

The activation energy for the onset of composi-
tional inhomogeneity (and crystallization) was found
to be 309 kImol~! (3.2 eV) consistent with the range
of values obtained by others for crystallization of
several metallic glasses.
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