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Primary crystallization and decomposition in the bulk amorphous alloy
Zr41.2Ti13.8Cu12.5Ni10Be22.5 have been studied by small angle neutron scattering~SANS!,
transmission electron microscopy~TEM!, and differential scanning calorimetry~DSC!. SANS
data of samples annealed isothermally at 623 K exhibit an interference peak centered at
q50.46 nm21 after an incubation time of about 100 min. TEM and DSC investigations confirm that
the respective periodic variation in the scattering length density is due to the formation of
nanocrystals embedded in the amorphous matrix. These observations suggest that during the
incubation time a chemical decomposition process occurs and the related periodic composition
fluctuations give rise to the observed periodic arrangement of the nanocrystals. ©1996 American
Institute of Physics.@S0003-6951~96!04804-2#
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In metallic glasses, crystallization and decomposit
have been observed in undercooled liquids during coo
from the melt as well as during reheating experiments1–3

Phase separation requires diffusivity of the atomic spe
over several interatomic distances and at least two lo
minima of the Gibbs free energy versus composition fu
tion. In multicomponent alloys a large difference in the he
of mixing of the constitutive binary liquids can act as a th
modynamical driving force for phase separation.4 In these
systems the nucleation of crystalline phases is more diffi
than for conventional binary metallic glasses, as expres
by the ‘‘Confusion Principle.’’5

Recently, a unique family of multicomponent gla
forming systems with a high thermal stability and excelle
glass forming ability was found.6,7 The critical cooling rate
to form these bulk metallic glasses~BMG! from the melt
drops orders of magnitude compared to conventional me
lic glasses. For the particular Zr41.2Ti13.8Cu12.5Ni10Be22.5 al-
loy critical cooling rates as low as 1 K/s were found.8 These
low cooling rates allow one to observe phase separation
ing place below a miscibility gap in the undercooled liqu
region, so that decomposition in the as-prepared amorph
Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy on a length scale of 50–8
nm was observed earlier.9,10 This decomposition during the
cooling process mainly involves the fast diffusion of Be.11

In this letter, we will show that primary crystallization o
the amorphous Zr41.2Ti13.8Cu12.5Ni10Be22.5alloy reheated into
the supercooled liquid involves a decomposition proce
Phase separation with respect to slower moving species
termines the time scale of the primary crystallization in t
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supercooled liquid. The formation of nanocrystals during iso
thermal annealing of the Zr41.2Ti13.8Cu12.5Ni10Be22.5alloy has
been investigated by small angle neutron scattering~SANS!,
transmission electron microscopy~TEM!, and differential
scanning calorimetry~DSC!. The results from these studies
suggest a decomposition process on a length scale of 1
nm preceding the primary crystallization of this alloy when
annealed at 623 K.

Amorphous samples were prepared from a mixture o
the pure elements by induction melting on a water-coole
silver boat under Ti gettered Ar atmosphere. Th
Zr41.2Ti13.8Cu12.5Ni10Be22.5 ingots were remelted in a
silica tube with an inner diameter of 10 mm and then
water quenched with a cooling rate of about 10 K/s. Fo
the SANS measurements, disks cut from these rod
with a thickness of 2.7 mm were annealed at 623 K
for different times. At this temperature, the samples are in th
supercooled liquid state.11 The SANS measurements were
carried out at the Intense Pulsed Neutron Source, Argon
National Laboratory. The measuredq-vector range was
0.05 nm21,q,2.5 nm21. The TEM samples were cut from
the annealed disks and electrolytically thinned in a solutio
of 10% perchloric acid in methanol or prepared by thin
section microtomy. For the DSC experiments a Perkin Elme
DSC 7 calorimeter was used.

Figure 1 shows small-angle neutron scattering data of a
as-prepared sample and of samples isothermally aged for d
ferent times at 623 K. While the curves for the as-prepare
sample and the one annealed for 80 min~not shown! only
exhibits background scattering, a broad maximum appea
for samples aged for 100, 140, and 300 min. These interfe
ence peaks with a maximum intensity at abou
q50.46 nm21 arise from a spatially periodic fluctuation
493)/493/3/$10.00 © 1996 American Institute of Physics
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of the scattering length density in th
Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy. The wavelength corre
sponding to the intensity maxima does not change sign
cantly with annealing time during the early stages of crys
growth, and is about 13.7 nm. Guinier analysis shows t
the radius of gyration increases with the annealing time fr
about 1 nm for the sample aged for 100 min to 2.16 nm a
an annealing time of 300 min.

Figure 2 illustrates a TEM dark field image~a! of a
sample annealed for 300 min at 623 K. Compared to the d
field image of an as-prepared amorphous sample,12 it shows
a different coarser structure. The second inner ring of
diffraction pattern~b! of this sample is slightly sharper an
the pattern contains two more outer-diffraction rings tha
diffraction pattern of an as-prepared sample.12 These features
reveal the presence of nanocrystals embedded in an a
phous matrix after annealing. The high resolution image~c!
depicts one of the fcc nanocrystals that is viewed alon
^110& direction. The~111! d-spacing is 0.23 nm, which cor
responds to a lattice constant of about 0.4 nm.

The most striking results from the present study are
existence of an incubation time for crystallization and t
periodic arrangement of the nanocrystals. Precipita
formed by a homogeneous nucleation process are usu
distributed randomly if interactions between the particles
be neglected. Since, in our case, the nanocrystalline pre
tates form in the supercooled liquid, elastic interactions
tween the nanocrystals causing a narrow size and dist
distribution can be ruled out.13 Heterogeneous nucleation o
crystalline phases only leads to a periodic arrangement o
nuclei, if the nucleation sites are arranged periodically. Th
a preceding chemical decomposition is likely to be resp
sible for the periodic arrangement of the nanocrystals. D
ing the incubation time a composition wave with growin
amplitude leads to a spatially periodic variation of the cr
tallization temperatureTx .

9 Finally, the formation of a crys-
talline phase starts polymorphously ifTx drops down to the
annealing temperature in the regions with the lowestTx .

The formation of nanocrystals after an incubation tim

FIG. 1. SANS data of an as-prepared amorpho
Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy and of samples annealed for 100, 140, a
300 min at 623 K.
494 Appl. Phys. Lett., Vol. 68, No. 4, 22 January 1996
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of about 100 min observed in the TEM, was also monitored
by DSC experiments. The DSC scans in Fig. 3 show th
different stages of crystallization. The DSC curves of an as
prepared sample and of the one annealed at 623 K for 80 m
are only slightly different, but a significant change is ob-
served after annealing at 623 K for 100 min. The first crys
tallization peak at about 723 K decreases, while anothe

us
d

FIG. 2. TEM images:~a! dark field image and~b! diffraction pattern of a
sample heat treated for 300 min at 623 K,~c! high resolution image of a
nanocrystal formed during primary crystallization.

FIG. 3. DSC measurements of Zr41.2Ti13.8Cu12.5Ni10Be22.5 samples heat
treated for different times at 623 K.
Schneider, Thiyagarajan, and Johnson
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broad exothermic peak forms at about 700 K. This exoth
mic event is related to the crystallization of regions with
lower crystallization temperatureTx . The signal is relatively
broad, indicating a broadTx spectrum, as expected for
spatially varying composition. After 140 min annealing d
ration, less crystalline nuclei are formed during the D
scan, and after 300 and 600 min no further nucleation
only grain growth occurs.14 According to the extent of for
mation of nanocrystals during isothermal annealing the
crystallization peak of the as-prepared alloy disappears.
ditionally, for the late annealing stages, the glass transitio
the noncrystallized regions broadens and its midpoint t
perature shifts to higher values.

The x-ray diffraction pattern of samples which are is
thermally annealed at 623 K for a duration longer than 1
min reveals the formation of a metastable simple fcc Cu
phase.15 Its lattice parameter isa50.40 nm. The formation
of a metastable compositionally invariant Cu–Ti fcc pha
has been observed earlier for cooling experiments from
melt in the Cu–Ti and Cu–Ti–Zr alloy systems.16 Woychik
et al.determined this particular lattice constant for nanocr
tals with a composition of Cu85Ti15.

16 For longer times
and/or higher annealing temperatures, a Laves phase ha
the hcp ‘‘MgZn2-type’’ structure appears. Its lattice constan
area50.515 andc50.842 nm.17,18Although the Laves phas
contains all of the components of the alloy except a low
nominal Be concentration at low temperatures, the m
stable Cu–Ti fcc phase forms first. The reason might b
smaller unit cell compared to the Laves phase and a s
range atomic order that is closer to that of the undercoo
liquid. An upper limit for the critical nucleus of the fcc pha
is 1 nm resulting from the SANS data. The growth rate
these crystals is restricted, probably due to a lower mob
of the Cu atoms compared to Be atoms at 623 K.11 Because
the crystallization temperature decreases strongly with
creasing Cu concentration, the primary crystallization st
in the Cu-rich areas of the decomposed sample.

Since the SANS data of as-prepar
Zr41.2Ti13Cu12.5Ni10Be22.5 samples show only diffuse back
ground scattering, there is no indication of the above m
tioned phase separation involving Be on a 50–80 nm sc
Most likely, the lack of any enhanced scattering contras
related to very similar atomic densities of the amorph
decomposed regions and to the small difference in scatte
lengths of Zr and Be atoms for thermal neutrons.19 There-
fore, the onset of the interference signals of annea
samples must be related to an additional periodic comp
tion variation of one of the other elements. The scatter
contrast for periodic changes in the Cu concentration is m
erate because of the similar scattering lengths of Zr, Be,
and Cu. Since the Ti concentration seems to be uncha
compared to the original amorphous alloy, there is no sign
Appl. Phys. Lett., Vol. 68, No. 4, 22 January 1996
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cant increase in the scattering signal during the incubatio
time. We believe that the onset of the scattering signal
caused by a larger atomic density of the Cu–Ti nanocrysta
According to this interpretation, Zr, Ni, and Be rich amor-
phous areas form during decomposition. These regions ha
higher glass transition and crystallization temperatures a
probably show composition gradients, expressed, for e
ample, in a broad glass transition region depicted in DS
measurements.

In conclusion, the primary crystallization in the
Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy during isothermal annealing
at the glass transition temperature results in the formation
spatially periodical arranged Cu–Ti rich nanocrystals. W
propose that this arrangement is preceded by a modula
chemical decomposition process. This decomposition do
not only involve the mobility of Be which was previously
observed. The time scale for the phase separation and
subsequent primary crystallization is determined by the m
bility of the slower moving Cu species.
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