PHYSICAL REVIEW B

VOLUME 37, NUMBER 13

1 MAY 1988

Small-angle x-ray scattering study of phase separation in amorphous alloys
during heating with use of synchrotron radiation

A.R. Yavari
Laboratoire de Thermodynamique Physico-Chimie Metallurgiques, Institut National Polytechnique de Grenoble,
Boite Postale No. 75, F-38042 Saint-Martin-d’Heres, France

K. Osamura and H. Okuda
Department of Metallurgy, Kyoto University, Sakyo-ku, Kyoto 606, Japan

Y. Amemia
Photon Factory, National Laboratory for High Energy Physics (K.E.K.), Tsukuba-gun, Ibaraki 305, Japan
(Received 9 February 1987; revised manuscript received 12 November 1987)

Some recent reports suggest that amorphous PdsNi;sP 5 and CusyZrs, alloys phase separate dur-
ing heating at temperatures 50-200 K below their crystallization temperatures. We have therefore
obtained improved small-angle x-ray scattering (SAXS) measurements during heating of these alloys
using a new experimental setup. The experimental improvements included in-the-beam heating us-
ing the very-high-intensity x-ray radiation available at the Synchrotron Radiation Laboratory,
K.E.K,, the use of Joule self-heating of the samples, which is made possible by the high resistivity of
the amorphous phase and the use of regularly shaped, constant thickness amorphous tapes obtained
by planar flow casting. No evidence of phase separation during heating prior to crystallization was

obtained in glassy PdNi;sP,5 and CusyZrs, alloys.

I. INTRODUCTION

Metallic glasses which are metastable, crystallize when
reheated near or above their temperatures of glass transi-
tion (T,) or crystallization (T). Easy glass-forming
alloys prepared by liquid quenching often consist of ele-
ments with strongly attractive interactions and large
differences in atomic diameters. In many of these sys-
tems particular fractions of constituent atoms result in
enhanced stability of the liquid state as evidenced by the
occurrence of deep eutectics while other compositions in
the same alloy systems produce very stable intermetallic
crystalline phases with high melting temperature T,,,.

When the glassy alloy is reheated near or above the
temperatures of glass transition (7,) or crystallization
(T,ys ) the stable intermetallic phases form by nucleation
and growth. In cases where the crystalline phase is of a
different composition than the glassy phase, nucleation of
the small crystallites requires important local composi-
tional fluctuations in the glass. If such chemical fluctua-
tions occur without development of long-range order,
they result in a phase separated glass but thermodynamic
and kinetic factors are such that the development of these
zones of compositional fluctuations which require atomic
mobility on the scale of their dimensions will usually also
result in crystallization.

While Bragg peaks are absent from the diffraction
spectra of amorphous alloys, the angular position of the
principal halo in the diffraction pattern is related to the
average diameter or interatomic distance d in each alloy.
In particular the angular position 26,, of the maximum
of the principal amorphous halo is proportional to
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sin~!(A/2d) where A is the radiation wave length. Since
in most easy glass-forming alloys the atomic diameters of
the major elemental constituents are very different, the
shape and position of the diffraction halo should be
modified if phase separation results in the formation of
zones with significant differences in composition. The an-
gular distribution of the diffracted intensity and the total
structure factor may vary with composition in such a
way, that if compositional variations are slight, a separa-
tion of contributions from different zones may not be pos-
sible. However, if for example two types of zones with
very different compositions appear, they should result in
diffraction spectra with two major amorphous halos with
well resolved maxima at two different angular positions
0,,. This has indeed been observed in several amorphous
alloys' ~3 but only in the as-quenched state where phase
separation has occurred during rapid quenching and at
temperatures 7> T,.

Chou and Turnbull* first performed small-angle x-ray
scattering (SAXS) experiments to study phase separation
in glassy Pd-Au-Si and reported a phase separation at
temperatures just a few degrees below crystallization.
More recently several authors have attributed evolutions
of various properties of amorphous alloys during relaxa-
tion annealing at temperatures well below T, and T
to phase-separation phenomena. Walter et al., using
SAXS (Ref. 5) and Auger-electron spectroscopy (AES)
(Ref. 6) attributed the thermal embrittlement of glassy
Fe-Ni-P-B-type alloys to the development of phase sepa-
ration on a scale of tens of angstroms during relaxation
annealing some 200 K below 7.

We have studied structural evolution during annealing
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of amorphous Fe-Ni-P alloys using small- angle neutron
scattering (SANS) during in-the-beam heating’ and usmg
SAXS (Ref. 8) and Auger-electron spectroscopy’ and
found no such phenomena intervening during heat treat-
ments similar to those of Walter et al.>® for an Fe-Ni-P-
B glassy alloy. Schultz et al.!® studied the evolution of
the resistivity and the shape of the diffraction halo of a
glassy CusyZrs, sample during different heat treatments.
From these observations and transmission electron mi-
croscopy (TEM) images, they concluded that the glass
phase separates on a scale of ~100 A near 623 K while it
crystallizes after some 10* sec at 658 K. Schluckebier
and Predel'! interpreted the occurrence of two glass-
transition temperatures in the differential scanning
calorimetry (DSC) spectra of some annealed Pd-Ni-P al-
loys with P content less than 20 at. % in terms of a phase
separation into glassy zones with different compositions
and glass transitions. In Fe-Ni-B glasses, Piller and
Haasen'? found that embrittlement during relaxation an-
nealing at about 100 K below T, correlated with the for-

mation of zones some 10 to 50 A in size rich and poor in
boron as detected by atom-probe depth profiles and field
ion microscopy (FIM).

The phase decomposition of crystalline metastable
structures such as quenched Al-Zn alloys has been well
documented in particular using conventional SAXS (Ref.
13) and more recently by real time SAXS measurements
during phase decomposition using high-intensity light
from a powerful synchrotron source.'* The SAXS signal
appearing during crystallization and phase separation in
amorphous alloys is significantly weaker than in the case
of phase decomposition of Al-Zn-type supersaturated
crystalline alloys and very high-intensity beams are
necessary for real-time measurements. Weak SAXS sig-
nals can be seriously affected by experimental problems
when the samples are repeatedly furnace annealed, cooled
and transferred to the x-ray camera for each measure-
ment or if different samples are used for different heat
treatments. The difficulties are further magnified by im-
portant local variations in the thickness of samples
prepared by melt spinning mainly due to deep cavities
caused by gas bubbles trapped between the ribbon and
the substrate. These difficulties are reduced when very
regular tapes are prepared by planar flow casting (PFC)
under optimum conditions'>!® and when the glass-
forming tendency of the alloy allows amorphous
thicknesses greater than 30 um which can then be re-
duced by polishing thus removing most defects from each
face.

In the SAXS measurements reported here, we have at-
tempted to minimize experimental difficulties by using a
new experimental arrangement for SAXS measurements
on wide and regular glassy alloy tapes annealed in-situ by
direct Joule heating while exposed to high intensity x-
radiation from the K.E.K. synchrotron radiation source.
In-this paper we report the first such SAXS measure-
ments on amorphous CusyZrs, and Pd,eNi P g tapes.
Based on the previous studies already mentioned, each of
these glassy alloys was expected to phase separate during
heating well below crystallization at T,. The Fe-Ni-B
system was not retained because our previous analysis
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had indicated that the SAXS signal would be too low for
this alloy."’

II. EXPERIMENTAL PROCEDURE

1 cm wide and 35 pum thick CuspZrs, and 3 cm wide
and 100 pm thick Pd Ni;cP,4 (also referred as CuZr and
Pd-Ni-P) were prepared by planar flow casting at the La-
boratoire de  Thermodynamique Physico-Chimie
Métallurgique (LTPCM). Absence of crystallinity in the
ribbons was checked by x-ray diffraction on both faces of
the ribbons. The tapes were mechanically polished to
reduce thicknesses to between 15 and 20 um both to facil-
itate transmission of x-rays and to remove oxide layers
and cavities due to trapped gas bubbles. The SAXS ex-
periments were performed at the synchrotron radiation
laboratory, K.E.K., in Tsukuba, Japan. The very high-
intensity x-ray beam was monochromatlzed to obtain a
radiation wavelength of 1.54 A similar to that of Cu Ka.
In-the-beam heating of the amorphous tapes was done by
Joule self-heating in a newly developed apparatus.'® This
apparatus is a vacuum tight stainless-steel furnace with
two x-rays windows made of Kapton sheets (a Dupont
product) and equipped with thermocouple and current
leads. The microthermocouples embedded in the tapes
are connected to a millivolt meter recorder. The current
leads inside the furnace are hooked to copper plates on
which the sample tape ends are clamped. On the outside,
they are connected to a constant current source. The
sample is self-heated by the power P=1I?R generated in
the sample of resistance R, when a constant current I is
supplied. The high resistivity of amorphous alloys makes
self-heating particularly attractive with these materials.
The sample temperature response time to current
changes is extremely short thus allowing well controlled
thermal cycling controlled by the supplied current inten-
sity. Heating rates of the order of 100 K/s are possible
when I is increased rapidly but in this experiment rates of
a few degrees per minute were chosen to allow acquisition
of appropriate real-time scattering signals with the
structural evolution of the sample during heating. It was
found that the high-intensity beam allowed proper statis-
tics for a counting time of about 2 min per frame. Heat-
ing rates of 2 to 3 K/min thus provided one spectrum
(frame) for every AT < 10 K during heating [see (18) for
more details]. Such heating rates are also in the range ac-
cessible on most DSC calorimeters and the SAXS
changes with temperature can thus be compared to DSC
curves if necessary.

A camera length of 2 m was used for the experiment
The scattering intensity 1(Q,T) was obtamed in a wave
vector range of 0.014 < Q <0.258 A~!. Transmission in-
tensities were measured repeatedly for the apparatus
without any sample and with each sample. It was found
that the background intensity I, (apparatus without any
sample and filled with He gas) was very weak compared
to sample scattering intensity I (Q).

The sample scattering intensity may be corrected for
background scattering in the usual way with

HQ)=I, ,(Q)—T,(I" , /IIMI,(Q) , (1)
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FIG. 1. Small-angle scattering intensity /(Q,T) in amor-
phous PdNissP,; as a function of temperature T and wave vec-
tor Q during heating at 2 K/min. Also shown is DSC thermo-
gram for same alloy heated at the same rate.

where I; , , and I, are incident photon counts for sample
plus background and background alone, respectively,
each integrated over the measuring time and T, is the
sample transmission coefficient.

I(Q) of Eq. (1) is coherent plus incoherent scattering
from the sample and the latter includes fluorescence radi-
ation I from the sample. For the wavelength of the ex-
periment, I is neligible for Cu-Zr and Pd-Ni-P. Con-
cerning corrections for background I,(Q) due to ap-
paratus (with gas) without any sample, it turns out that
this contribution is very weak at low Q in our experiment
such that for an overview of the results, it is sufficient to
plot I, ,(Q) instead of I(Q). Figure 1 shows I;_,(Q)
curves for Pd-Ni-P alloy. The product
Ts(I, ,/I)I,(Q) is too low to be visible. Figure 2
shows such curves for amorphous Cu-Zr on which we
have also shown the product T (I, , /I, )I,(Q) for com-
parison. The suitable weak background scattering is
partly due to the use of Kapton windows for our furnace.
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FIG. 2. I(Q,T) in amorphous CusyZrs, during heating be-
tween 578 and 668 K at rate of 3 K/min.
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FIG. 3. I(Q,T) in amorphous CusyZrs, during heating be-
tween 670 and 770 K at a rate of 3 K/min. Crystallization be-
gins near 690 K.

III. EXPERIMENTAL RESULTS

A. The isochronal heating of amorphous PdxNi;cP,s

Figure 1 shows small angle scattering I(Q,7T) mea-
sured during in-situ isochronal heating of the amorphous
Pd¢Ni;cP,g foil in the temperature range 553 < T <673
K and the wave-vector range 0.014 < Q <0.07 A ~! with
a heating rate of 2 K/min. Also shown in the figure is a
DSC thermogram of the same foil heated at the same
rate. DSC measurements have shown that if the sample
is heated up to the end of the first (smaller) exotherm or
to about 610 K, cooled and then reheated, two glass-
transition temperatures can then be observed prior to
crystallization (Braggs peaks appear only after the start
of crystallization at T>625 K). Following Chen,'
Schluckebier and Predel'! interpreted this double T,
effect and the first exothermic peak in terms of a phase
separation into zones of two glasses with different compo-
sitions and different Tys. In Fig. 1, however, no change
in the scattering intensity I(Q, T') is observed as the sam-
ple undergoes the exothermic phenomenon responsible
for the first peak on the thermogram. The background
intensity is too low to appear on the scale of this figure.
Figure 3 does show a sharp increase in I(Q,7T) with the
onset of crystallization at T~260 K and in agreement
with the second peak of the DSC thermogram.

B. The isochronal heating of amorphous CuseZrs,

Figure 2 shows the x-ray scattering intensity 7(Q,T)
versus Q for different temperatures during heating of an
amorphous CusyZrs, tape at 0.05 K/s or 3 K/min. Each
curve or “frame” corresponds to photon counts during
360 sec or 6 min over a temperature range AT =9 K cen-
tered about the indicated value. The background intensi-
ty I, of the furnace without the sample, normalized for
the same count of incident photons [see Eq. (1)] is shown
below the first curve or frame corresponding to 7 =578
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FIG. 4. Bragg peak emerging in diffraction pattern of amor-
phous CusyZrs, after heating up to 688 K at 3 K/min. This on-
set of crystallization corresponds to the sharp increase in SAXS
of Fig. 6 near 690 K.

K and can be seen to be small compared to the SAXS
from the sample at low Q. No change in the SAXS from
the sample I(Q,T) is observed between 7T'=300 and 668
K, which includes the range near T ~623 K where
Schultz et al.'” have reported clear increases in the resis-
tivity of amorphous CusyZrs, which they attribute to a
phase separation. Although they obtained the increase
after longer annealing times, a similar phenomenon
should have occurred at a few degrees higher tempera-
ture during our isochronal heating. Figure 3 shows
SAXS measurements in amorphous CusyZrs, heated in
the same manner but up to higher temperature
670 < T <770 K, which includes the crystallization stage
(T ~700 K) with a heating rate of 0.05 K/s (3 K/min).
Here an increase in I(Q, T) is observed in two stages with
a sharp rise between the two stages around T ~700 K.
This sharp rise is due to the onset of crystallization as ob-
served in DSC measurements (for details of precision
DSC measurements on this alloy, see, for example,
Harmelin et al.?°). Thermograms for amorphous
CusoZrs, obtained at heating rate d7 /dt=80 K/min
(1.33 K/s) show the onset of crystallization T, at
T=720 K. Now T is higher, the higher the heating
rate dT/dt, and follows approximately AT .
~10AIn(dT/dt),* so that in the SAXS experiment
of Fig. 3 with dT/dt =3 K/min, the onset temperature,
T,.yq of crystallization is near T=690 K and thus ac-
counts for most, if not all the increase in I(Q,T) at
T ~690 K. Figure 4 shows x-ray diffraction in a sample
heated at 3 K/min up to 690 K and it can be seen that
the early stage of crystallization has started here thus re-
sulting in the I(Q,T) increase at T <690 in this experi-
ment.

IV. DISCUSSION

Our dynamic high-intensity SAXS measurements dur-
ing isochronal heating of amorphous Cu-Zr and
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PdNi;cP,s foils failed to confirm the development of
compositional heterogeneities in the temperature ranges
that others have claimed occurrence of phase separation
phenomena in these glasses.

The following questions, however, should be dealt with
before drawing conclusions. In case of the development
of compositional fluctuations (a) what is the range of am-
plitudes of such fluctuations (gr variations in correspond-
ing electron density p (e=/A*) that would have been
detected? and (b) what range of scale or spacial distribu-
tion of fluctuations would have been detected under the
conditions of our SAXS experiment?

The determination of electron density variations corre-
sponding to a scattering intensity from an unknown
phase distribution requires the knowledge of the absolute
value of the incident beam intensity I,. We do not
dispose of I, but to answer question (a), we can estimate
the local electron density variations Ap by comparison of
their SAXS intensities 7(Q) with the strong SAXS ob-
tained from the crystallized states for which Ap is known
to a good approximation.

The scattering intensity 7(Q) is directly proportional to
Ap*V(1—V) for Ap=p,—p,, where V is the volume frac-
tion of particles with p=p, in a matrix with electron den-
sity p=p,,. For an alloy with volume per atom ¥, and
V,, (A3)in the particles and the matrix, respectively, Ap
is given by

AP2=(Pp—Pm )2= Ztifl/VP_zleft/Vm 2 ’ 2)

where Xf and X" are the atomic fractions of elements i in
the particles and the matrix and f; is the number of elec-
trons of the ith element. V, and V,, can be calculated
from experimental alloy mass density d, measured for
different concentrations using V;= 3, m/X//d’ where
m; are the masses of each of the alloy’s constituent
atoms. For a given volume fraction V of particles with
e~ density p, in a matrix of e~ density p,,, the integrat-
ed intensity is related to Ap by

fo"" Q(Q)dQ =2m*Ap*V(1—V) 3)

whatever the particle-size distribution.’? Figure 5 shows
I(Q,T) for PdNi;¢P,s at 676 and 604 K after the back-
ground correction of Eq. (1). The curve at T=604 K
corresponds to I(Q, T) for any temperature 7T <610 K, a
range which includes the first exothermic peak of the
DSC thermogram (hither to attributed to phase separa-
tion) and the as-quenched state. 1(Q,676 K) corresponds
to the fully crystallized sample (see Fig. 1). Also drawn
as an example, is a hypothetical curve (dashed line) here-
after referred to as I(Q, T*) which corresponds to the ad-
dition of 10% of the I increase upon crystallization to
I(Q,T) at T=604 K. From an experimental point of
view, such an increase occurring in the range 520< T
<610 K of the first DSC exotherm would have been easi-
ly measured.

Since we are testing the hypothesis of a phase separa-
tion during heating of an as-quenched homogeneous
phase, we may deduct the temperature independent in-
tensity (the 604 K curve) which is probably due to
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FIG. 5. SAXS in amorphous Pd sNi;sP,g at 676 K (fully crys-
tallized) and at 604 K (prior to crystallization) after correction
for background intensity (see text for details).

quenched-in defects and external surfaces [we will return
to this I(Q) level of the as-quenched state later]. After
this substraction we obtain for the dashed curve and the
crystallized state

fO”QZ-uQ,T*)dQ/fO“’ 02-1,,4(0,676 K)dQ
—0.1=Ap2V*(1— V*)/Apg,,s,V(l—V)
=(Ap/BP eyt
(spinodal decompositon) .  (4)

To obtain the last equality of Eq. (4), we have supposed
that the total volume fractions concerned by the eventual
phase separation stage and the crystallization stage that
follows are the same. This is reasonable because the
amorphous chemically heterogeneous zones are expected
to occur by spinodal decomposition rather than nu-
cleation and growth and the crystalline phases will then
form first in the zones corresponding to their composi-
tions. It should be noted, however, that differences in
size distribution (grain or zone size do not modify the in-
tegrated intensities).?

Figure 6 shows electron density p as a function of com-
position in amorphous and crystalline Pd-Ni-P alloys cal-
culated using Eq. (2) and the density data collected in.?
Amorphous PdNi;sP,3 alloy of near eutectic composi-
tion crystallizes into a nickel-rich fcc solid solution and a
palladium-rich (PdNi);P intermetallic phase. Energy
dispersive x-ray microanalysis indicates that the Ni/Pd
ratio is about 2 in the fcc phase.”*?* It follows that the
crystallization products consist of

Pd, 46Nig.36P0.18 —0.28Pdg 4Nig ¢ +0.72Pdg 4Nig 27Pg 55 -
(5)

The electron-density difference between the two cry-
stallization products is therefore Apgy,~0.28 e~ /A*

FIG. 6. Electron density p (e~ /A?) for various amorphous
(@) and crystalline (®) compositions of the Pd-Ni-P alloys calcu-
lated from available density data as collected by Gaskell (Ref.
23) using Eq. (2).

from Fig. 6. According to Eq. (4), an intensity increase
such as that of the dashed line of Fig. 5 would therefore
correspond to Ap~0.28 V0.1=0.09 e~ /A which fixes
roughly the lower limit of electron-density fluctuations
that we would have easily measured in this alloy. The
phosphorous contrast AC, ~25% between the crystalli-
zation products. The above discussion suggests that we
would have clearly detected fluctuations in P content of
~5 at. %.

Figure 7 shows I(Q,T) for Cug soZrg 5o at 770 and 670
K after background corrections [Eq. (1)]. I(Q,770 K)
corresponds to the crystallized state while 1(Q,670 K)
corresponds to the scattering at 7' < 670 K before the rise
observed in Fig. 4. As in Fig. 5 for the Pd-Ni-P glass, we
have also drawn a hypothetical curve (dashed line) here-
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FIG. 7. SAXS in amorphous Cu, sZry s at 770 K (crystal-
lized) and 670 K (prior to crystallization) after correction for
background intensity (see text for details).



7764

after referred to as I(Q,T*) corresponding to the addi-
tion of 10% of the difference between I(Q,770 K) and
I(Q,670 K) to the latter. Again such an increase is in the
range that would have been easily detected in our experi-
ment had it occurred in the T range of presumed phase
separation. Using Eq. (4), we can consider I(Q,T*) to
correspond to an electron-density increase Ap
=Apc,yst\/f)j where Ap.., depends on the crystalliza-
tion products of the reaction.?

CuO 5Zr0_ 5—-—)0. 625( CuO 6Zr0.4 ) -+ 0. 375(Cu° 33Zr0_ 67 ) . (6)

Figure 8 shows electron density p versus copper con-
tent in some amorphous and crystalline compositions in
the Cu-Zr alloy system calculated using Eq. (2) and the
mass densities regorted in Ref. 27. It can be seen that
Apery=0.2 e ~ /A3 for the products of the reaction of
Eq. (6). Equation (4) would indicate that the dashed line
corres onds to electron-density variations Ap

0.1Ap s =0.07 e~/ A3 and comparison with Fig. 8
would indicate that our measurements would have easily
detected concentration fluctuations of the order of
AC=10 at. % in Cu or Zr (this corresponds to variations
of ~5 at. % from the global composition).

We wish to point out that the scattering intensities
I(Q) of the as-quenched amorphous foils and in particu-
lar their Q dependence are quite similar to those of ele-
mental pure foils (such as that of pure Cu) tested under
the same conditions. The as-quenched signal can thus be
attributed to density defects (such as dislocations, quasi-
dislocations, and voids) and to the external foil surfaces.
The slightly faster increase of I(Q) with decreasing Q in
the case of amorphous CuZr foils (which are initially
much thinner) can be attributed to a faster quench rate
used in their preparation and to a stronger tendency to-
wards oxidation after thinning. We can therefore sup-
pose that our as-quenched glasses are homogeneous to
within the limits of detection of our experiment and that
we can deduct the intensity I (Q) in the as-quenched state
from the subsequent increase during heating as we have
done in the above discussion [see Eq. (4)]. However, we
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FIG. 8. Electron density p (e ~ /A ) for amorphous ( X ) and
crystalline (O) Cu-Zr alloys calculated from the density data in
(27) using Eq. (2).
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also checked the consequence of attributing the as-
quenched I(Q) to some high-temperature phase separa-
tion occurring in the liquid alloy during the quench (at
T > Tryg). Numerical integration of Eq. (3) with trunc-
tion at the highest Q value of 0.26 A-1and using es-
timated I (0) obtained from the extrapolation of the slope
of Guinier plots to Q =0 for the sets of curves presented
in Figs. 5 and 7 indicated that 1(Q) increases of the order
of those of the dashed lines would correspond to further
phase separation and development of concentration fluc-
tuations during heating of the order of 2 at. %.

Question (b) concerning the scale of any composition
fluctuations that would be detected in our experiment can
be addressed as follows: the scattering level 7(0) at Q =0
from any set of particles depends on their electron-
density contrast and is equal to the intergrated intensity
of Eq. (3) times the particles’ volume.?* I(Q) then drops
off from its I (0) value with increasing Q more or less rap-
idly depending on the particles’ shape and distribution
and in general, the smaller the particles, the slower is the
decrease with increasing Q. For the case of spherical par-
ticles of radius R, I(Q) is given by*

I(Q)=I1(0)exp(—R2Q?/3) . 7

This equation holds for Q < 1/R and is a good approxi-
mation for spheres of radii up to Q <2/R. Since I(0) is
not experimentally observable, I(Q) is best measured at
the lowest possible Q values but at very low wave vectors
(Q <1072 A ') surface scattering independent of Eq. (7)
dominates the SAXS (Refs. 28 and 29). In our cxperl-
ment the lowest wave-vector modulus @=1.4X 102
A -1 At this Q value, particles of appropriate electron
density contrast and of radii R <2/Q ~140 A emerging
during the isochronal annealing prior to crystallization
should produce significant scattering intensity increase
but no such increases were observed in the temperature
range of interest. Furthermore, no Guinier fit [linear
zone on InJ (Q) versus Q%] was obtained in any Q range.

When such compositional heterogeneities with inter-
particle spacing L appear, an interference peak is expect-

ed on the 1(Q) curve near Q =27 /L (see Ref. 30). The Q
range of our experiment was 0.014 < Q <0.258 A -1 but
in the range Q >0.1 A ! the intensity is too low to be
credible. This indicates that interference peaks due to in-
terparticle spacing 60<L <450 A would have been
detected. Our experiments were thus appropriate for the
detection of the emergence of chemical heterogeneities of
dimensions 2R <200 A spaced between 60 to 450 A from
each other provided that their atomic compositions
differed by 5 to 10 at. % from their surroundings but no
such concentration fluctuations were detected. Our TEM
and scanning transmission electron microscopy (STEM)
obsewagions on Pd-Ni-P confirm that no such zones with
R 210 A exist in this amorphous alloy prior to the onset
of crystallization.”> In CuZr, compositional fluctuations
with R 2150 A could have remained undetected in our
experiment but this can only apply to the as-quenched al-
loy since the growth of any such zones during our experi-
ment would have been signaled by increasing I (Q) before
they grow to such dimensions. (It should be noted that
the Q dependence of the law of Guinier and the oc-
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currence of interference peaks as discussed here do not
apply to the crystallization of amorphous alloys which
under usual heating conditions proceeds from the sample
surfaces towards the inside or by growth of preexisting
crystal nuclei; see, for example, Refs. 31 and 32.)

Very recently, Deng and Argon’ have presented TEM
results on annealed amorphous Cus¢Zr,, clearly indicat-
ing occurrence of phase separation and double halos in
the electron SAD patterns even in the as-received state of
the amorphous ribbons. This recalls the observations of
Barbee et al.3* showing x-ray and electron diffraction
double halos in vapor deposited CusyZrs, amorphous
foils. We have seen no such evidence by x-ray diffraction
in unthinned compositions of CusyZrsy and CugZr;g
which we prepared by quenching from the liquid state
under helium gas, compositions which envelop the com-
position of Deng and Argon.’3 Also x-ray diffraction ex-
periments by Chen et al.** on amorphous CussZr,s be-
fore and after annealing showed a slight sha?ening of
the single amorphous halo while Schultz et al.!® reported
a widening of the amorphous halo in CusyZrs, after an-
nealing. Significant differences thus appear between
different Cu-Zr samples of comparable compositions and
may be due to differences in the preparation procedure.
Furthermore, given the probable high oxygen content in
Zr-based alloys, the presence or formation of oxide
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glasses during pr?aration or post-quench treatment may
also be involved.?

V. CONCLUSIONS

We have used an original combination of experimental
improvements to achieve the precision required to obtain
real time SAXS variation as a function of time and tem-
perature during post-quench thermal treatment of metal-
lic glasses. These include in situ heat treatments by Joule
self-heating of the samples and the use of high-intensity
x-ray beam from a powerful synchrotron as well as the
use of regular wide amorphous tapes prepared by planar
flow casting.

We found no evidence of phase separation during heat-
ing in glassy Pd 4Ni;¢P3 and CusyZrs alloys prior to cry-
stallization. The results exclude the occurrence of any
such zones with radii 10 SR 100 A with deviations of
more than 5 at. % from the global alloy composition.
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