Formation of nanocrystals based on decomposition in the amorphous
Zr41.2Ti138CU 2 5NijgBe, 5 alloy
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Primary  crystallization and  decompositon in  the bulk amorphous  alloy
Zryq oTi13.8CUo NijgBey, 5 have been studied by small angle neutron scatteriSRNS),
transmission electron microscogif EM), and differential scanning calorimetfpSC). SANS

data of samples annealed isothermally at 623 K exhibit an interference peak centered at
q=0.46 nm !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 nanocrystdl89®American
Institute of Physicg.S0003-695(96)04804-3

In metallic glasses, crystallization and decompositionsupercooled liquid. The formation of nanocrystals during iso-
have been observed in undercooled liquids during coolinghermal annealing of the £ ,Ti 3 {Cu» NijgBes, salloy has
from the melt as well as during reheating experiménfs. been investigated by small angle neutron scatte(8RNS),
Phase separation requires diffusivity of the atomic specietansmission electron microscofff EM), and differential
over several interatomic distances and at least two locacanning calorimetryDSC). The results from these studies
minima of the Gibbs free energy versus composition func-suggest a decomposition process on a length scale of 13.7
tion. In multicomponent alloys a large difference in the heathm preceding the primary crystallization of this alloy when
of mixing of the constitutive binary liquids can act as a ther-annealed at 623 K.
modynamical driving force for phase separatfom these Amorphous samples were prepared from a mixture of
systems the nucleation of crystalline phases is more difficulthe pure elements by induction melting on a water-cooled
than for conventional binary metallic glasses, as expressedilver boat under Ti gettered Ar atmosphere. The
by the “Confusion Principle.’”® Zray 2Ti13.6CU2 NiroBey, 5 ingots  were remelted in a

Recently, a unique family of multicomponent glass Silica tube with an inner diameter of 10 mm and then
forming systems with a high thermal stability and excellentVater guenched with a cooling rate of about 10 K/s. For
glass forming ability was founfi” The critical cooling rate the SANS measurements, disks cut from these rods
to form these bulk metallic glasséBMG) from the melt ~With a thickness of 2.7 mm were annealed at 623 K

drops orders of magnitude compared to conventional metaf—Or different “rT‘eS.- At thijz temperature, the samples are in the
lic glasses. For the particular Z5Ti1s Cuyp NigoBess s al- supercooled liquid state. The SANS measurements were

loy critical cooling rates as low as 1 K/s were fodh@ihese carried out at the Intense Pulsed Neutron Source, Argonne

low cooling rates allow one to observe phase separation ta National Laboratory. The measuregvector range was
9 P P .05 nm'<q<2.5 nm . The TEM samples were cut from

:‘r(;gigLaCseObtﬁI;tV\;jgcrcT)]rng)sl:;?(;ngié:']pt;]netg:- urldjfeodofrig'ﬂlﬁg l}he annealed disks and electrolytically thinned in a solution
glon, b brep PO 10% perchloric acid in methanol or prepared by thin-

Zr“l-le13'8%u12-§\“30862|2:§£|_?z.0':1a length ipaledof_SO—tEO section microtomy. For the DSC experiments a Perkin Elmer
nm was observed earliéf’ This decomposition during the <~ calorimeter was used.

cooling process mainly involves the fast diffusion of Be. Figure 1 shows small-angle neutron scattering data of an

In this letter, we \_Ni" show that primary crystallizatign of as-prepared sample and of samples isothermally aged for dif-
the amorphous 2 ;Tis3 {Cui, NizgBey, s alloy reheated into ferent times at 623 K. While the curves for the as-prepared

the supercooled liquid involves a decomposition processsamme and the one annealed for 80 rfriot shown only
Phase separation with respect to slower moving species dggpinits background scattering, a broad maximum appears
termines the time scale of the primary crystallization in theg,, samples aged for 100, 140, and 300 min. These interfer-
ence peaks with a maximum intensity at about
dElectronic mail: sus@hyperfine.caltech.edu q=0.46 nm! arise from a spatially periodic fluctuation
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FIG. 1. SANS data of an as-prepared amorphous
Zr 41 5Ti3.CUs» NijgBey, 5 alloy and of samples annealed for 100, 140, and
300 min at 623 K.

of  the scattering length density in the
Zryq 5Ti13.8CU» NijgBey 5 alloy. The wavelength corre-
sponding to the intensity maxima does not change signifi-
cantly with annealing time during the early stages of crystal
growth, and is about 13.7 nm. Guinier analysis shows that
the radius of gyration increases with the annealing time from
about 1 nm for the sample aged for 100 min to 2.16 nm after
an annealing time of 300 min.

Figure 2 illustrates a TEM dark field imaga) of a FIG. 2. TEM images{(a) dark field image andb) diffraction pattern of a
sample annealed for 300 min at 623 K. Compared to the darf&™P!e heat treated for 300 min at 623 () high resolution image of a
field image of an as-prepared amorphous Sar‘]ﬁjbshows nanocrystal formed during primary crystallization.

a different coarser structure. The second inner ring of the

diffraction pattern(b) of this sample is slightly sharper and of about 100 min observed in the TEM, was also monitored
the pattern contains two more outer-diffraction rings than @y DSC experiments. The DSC scans in Fig. 3 show the
diffraction pattern of an as-prepared samf3i@hese features different stages of crystallization. The DSC curves of an as-
reveal the presence of nanocrystals embedded in an amdepared sample and of the one annealed at 623 K for 80 min
phous matrix after annealing. The high resolution imége are only slightly different, but a significant change is ob-
depicts one of the fcc nanocrystals that is viewed along &erved after annealing at 623 K for 100 min. The first crys-
(110 direction. The(111) d-spacing is 0.23 nm, which cor- tallization peak at about 723 K decreases, while another
responds to a lattice constant of about 0.4 nm.

The most striking results from the present study are the

existence of an incubation time for crystallization and the . a 20K/min
periodic arrangement of the nanocrystals. Precipitates | [ — D

formed by a homogeneous nucleation process are usually z [ .
distributed randomly if interactions between the particles can 2

be neglected. Since, in our case, the nanocrystalline precipi- &% - -t

tates form in the supercooled liquid, elastic interactions be- 2 )

tween the nanocrystals causing a narrow size and distance ©

distribution can be ruled odt Heterogeneous nucleation of ﬁ a: as prepared

crystalline phases only leads to a periodic arrangement of the é . | brafter 80min at 623K

nuclei, if the nucleation sites are arranged periodically. Thus, 5 E | o after 100min at 623K

a preceding chemical decomposition is likely to be respon- < 2 | d:after 140min at 623K

sible for the periodic arrangement of the nanocrystals. Dur- % | e after 300min at 623K

ing the incubation time a composition wave with growing j | Tafter 600min at 623K . '

amplitude leads to a spatially periodic variation of the crys- 600 650 700 750
tallization temperaturd, .° Finally, the formation of a crys-
talline phase starts polymorphouslyTi§ drops down to the

annealing temperature in the regions with the IoW‘eg  FIG. 3. DSC measurements of Z5Ti13dCuy, NisgBes,5 samples heat
The formation of nanocrystals after an incubation timetreated for different times at 623 K.

Temperature (K)
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broad exothermic peak forms at about 700 K. This exothereant increase in the scattering signal during the incubation
mic event is related to the crystallization of regions with atime. We believe that the onset of the scattering signal is
lower crystallization temperaturg, . The signal is relatively caused by a larger atomic density of the Cu—Ti nanocrystals.
broad, indicating a broad, spectrum, as expected for a According to this interpretation, Zr, Ni, and Be rich amor-
spatially varying composition. After 140 min annealing du- phous areas form during decomposition. These regions have
ration, less crystalline nuclei are formed during the DSChigher glass transition and crystallization temperatures and
scan, and after 300 and 600 min no further nucleation buprobably show composition gradients, expressed, for ex-
only grain growth occurs? According to the extent of for- ample, in a broad glass transition region depicted in DSC
mation of nanocrystals during isothermal annealing the firstmeasurements.
crystallization peak of the as-prepared alloy disappears. Ad- In conclusion, the primary crystallization in the
ditionally, for the late annealing stages, the glass transition itZr,, 5Ti13 £CU» NijgBey, 5 alloy during isothermal annealing
the noncrystallized regions broadens and its midpoint temat the glass transition temperature results in the formation of
perature shifts to higher values. spatially periodical arranged Cu-Ti rich nanocrystals. We
The x-ray diffraction pattern of samples which are iso-propose that this arrangement is preceded by a modulated
thermally annealed at 623 K for a duration longer than 10hemical decomposition process. This decomposition does
min reveals the formation of a metastable simple fcc Cu—Thnot only involve the mobility of Be which was previously
phase®® Its lattice parameter in=0.40 nm. The formation observed. The time scale for the phase separation and the
of a metastable compositionally invariant Cu—Ti fcc phasesubsequent primary crystallization is determined by the mo-
has been observed earlier for cooling experiments from thebility of the slower moving Cu species.
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