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Abstract , C S 1959

A new family of multicomponent metallic alloys exhibits an excellent glass onEn’g abil-

ity at moderate cooling rates of about 10K/s and a wide supercooled liquid region.
- These glasses are eutectic or nearly eutecti@flthug far away from the compositions of

competing crystalline phases. The nucleation of crystals from the homogeneous amor-

phous phase requires large thermally activated composition fluctuations for which the

time scale is relatively long, even in the supercooled liquid. In the Zr,,,Ti,,Cu,, Ni Be,,.
alloy therefore a different pathway to crystallization is observed. The initially homoge-
neous alloy separates into two amorphous phases. In the decomposed regions, crystal-
lization probability increases and finally polymorphic crystallization occurs. The evolu-
tion of decomposition and succeeding primary crystallization in the bulk amorphous
Zr, .Ti., ,Cu,, Ni Be,. alloy have been studied by small angle neutron. “Samples an-
nealed isothermally in the supercooled liquid and in the solid state exhibit interference
peaks indicating quasiperiodic inhomogeneities in the scattering length density. The
related wavelengths increase with temperature according to the linear Cahn-Hilliard
theory for spinodal decomposition. Also the time evolution of the interference peaks in
the early stages is consistent with this theory. At later stages, X-ray diffraction and
transmission electron microscopy investigations confirm the formation of nanocrystals

in the decomposed regions.

Introduction

A unique family of multicomponent metallic glasses exhibits an excellent glass forming
ability and a wide supercooled liquid region [1,2]. Their high thermal stability against
crystallization has opened for the first time the opportunity to investigate thermody-
namic and atomic transport properties in the supercooled liquid state of a metal [3-5].
Since these glasses exhibit high reduced glass temperatures, nucleation of crystalline
phases from the homogenous multicomponent systems is suppressed to a great extent.
Instead, their thermal stability is probably limited by alternative processes. We have
reported phase separation with succeeding polymorphic nanocrystallization in the de-
composed regions occurring in Zr,, ,Ti,..Cu, Ni Be, earlier [6,7]. This paper gives
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additional information on small-angle neutron scattering (SANS) investigations of the
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time- and temperature evolution of the decomposition process. In particular, we show
that above a critical temperature crystallization behavior changes significantly.

Experimental

Amorphous samples were prepared from a mixture of the pure elements by induction
melting on a water-cooled silver boat under Ti gettered Ar atmosphere. The ingots were
remelted in a silica tube with an inner diameter of 10mm and then quenched with a
cooling rate of about 10K/s. For the SANS investigations disks with a thickness of
2.7mm were cut from the these rods and isothermally annealed at temperatures be-
tween 608K and 673K for different times. The SANS measurements were carried out at
the Intense Pulsed Neutron Source at Argonne National Laboratory.

Results and Discussion

Figure 1 shows SANS data of an as prepared Zr,,,Ti,, ,Cu,, Ni Be,, alloy and samples
isothermally annealed for different times at 613K. The data for the as- prepared sample
only depict background scattering, for the aged ones broad maxima appear. For early
stages a maximum of scattering intensity is observed at q=0.05A", indicating spatially
correlated chemical inhomogeneities in the amorphous state. | :
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Fig. 1: SANS data of the Zr,,,Ti,,,Cu,,.Ni Be,, alloy aged at 613K for different times.
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‘The wavelength corresponding to the maximum intensities is about 125A. The position

of q.,, shifts slightly towards smaller values with increasing annealing duration sug-

gesting a coarsening of the chemical inhomogeneities during isothermal heat treatment.
We assume a decomposition process being responsible for the scattering contrast [7].
From estimations of the increase of scattering intensity and *Ni isotope experiments we
conclude that the initial increase is mainly associated with a decomposition process of
Ti and Be atoms [8].Two different time laws are involved in the process (Fig. 2). First,
the scattering cross section for a constant q value grows exponentially during anneal-
ing, and the interference peak shifts slightly to lower g. In the very early stages of de-
composition the slowly rising exponential time law mimics an incubation time of about
150min at 613K. During that time no changes in structure or composition are observed
by SANS or thermal analysis [7]. Then the scattered intensity increases very rapidly.
Later a much slower process overtakes control on the increase of scattering cross sec-
tion. It is not clear yet whether the time dependence for the later stages is also expo-
nential or a power law.

Cahn’s theory of spinodal decomposition gives such an exponential growth law [9] but
does not predict a shift of the interference peak to lower q with increasing time. Such a
behavior is proposed in [10]. During phase separation, composition and short-range
atomic order [11] in at least one of the decomposed regions approach those of a com-
- peting crystalline phase and the nucleation probability increases rapidly. Due to the ex-
ponential time law of decomposition and the rapid increase of nucleation probability
with composition and structural changes, the onset of polymorphic nucleation of nanoc-
rystals in the Ti- rich regions is very sharp [7]. The second slower time law probably
represents the growth of the periodically arranged nanocrystals.
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' Fig. 3: Annealing time dependence of the scattering cross section of
Zr,,,Ti,,Cu, Ni Be,, samples aged at 613K for two wavenumbers near the maximum.

The crystal size calculated from Guinier analysis increases slightly from 20A to 40A
after annealing for 600min and 1500min, respectively. The growth of the nanocrystals is
related to Ni diffusion [8]. In this stage no further shift of the scattered intensity maxi-
mum to lower q is detected. This suggests a primary crystallization of the Ti rich regions
occurring in the maxima of the composition wave and the pinning of a certain wave-
length in the early stages of decomposition.
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SANS spectra of samples annealed at different temperatures below and above the
glass transition are shown in Fig. 3. All spectra exhibit an interference peak indicating a
quasiperiodic arrangement of scattering inhomogeneities. The peak positions shift to
lower g values with increasing temperature and the related wavelengths increase from
about 125A to some 350A. The wavelengths follow a relation A%<T (Fig. 4), as sug-
gested by Cahn’s linear theory of spinodal decomposition [9]. The extrapolated coher-
ent spinodal temperature T__ for A— is about 670K. In accordance with that, samples
annealed at 673K do not exhibit an interference peak but a strong increase of intensity
with decreasing q, indicating thermally activated crystallization without precursory de-
composition of the amorphous matrix. The change of crystallization behavior might be
related to the rapidly decreasing viscosity which destabilizes the periodic composition
modulation with increasing temperature.

From the SANS data there is evidence that a miscibility gap opens in the undercooled
liquid region near the glass transition temperature. Related to the limited mobility in this
temperature range the as prepared samples do not show any indications of decompo-
sition with respect to Ti. But during isothermal annealing below the miscibility gap a Ti
composition wave can grow with time. lts wavelength is determined by the aging tem-
perature. Samples annealed above the coherent spinodal temperature do not develop
quasiperiodic composition waves and do not exhibit SANS interference peaks.
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Fig. 5: Wide angle X-ray spectra of Zr,, ,Ti,Cu,,Ni Be,. samples annealed at 613K

for different times.

X-ray diffraction analysis of samples annealed at 613K does not show crystalline con-

tributions for aging times below 400min (Fig. 5). After 600min, when according to Fig. 2

the first stage of decomposition is finished and a slower time law is observed, a slight
sharpening of the second diffraction maximum occurs. At this time cross section TEM

clearly reveals the existence of nanocrystals in the sample. After 900min of heat treat-

ment also the first diffraction peak indicates the nanocrystals.

Summary
Our analysis of Zr, ,Ti, Cu,Ni Be, . samples isothermally annealed near the glass

41.2 13. 12. 1 .
transition temperature ofethe :tlo; reveals a chemical decomposition, succeeded by the
formation of nanocrystals. The decomposition process shows several properties typical
for spinodal decomposition: a quasiperidioc arrangement of chemical inhomogeneities,
an exponential growth with time of the amplitude of the composition wave, and a critical
temperature beyond which the crystallization behavior changes to a different mecha-
nism. With progressing phase separation composition and short-range atomic order in
one of the decomposed regions approach those of a competing crystalline phase. Thus
the interfacial energy between a crystalline nucleus and the amorphous matrix de-

creases with time and the nucleation probability increases rapidly.
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