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Abstract

We have perfomed differential anomalous small-angle x-ray scattering (ASAXS)

experiments on samples of bulk amorphous zr52.5Ti5Cu17.gNi14.6A110annealed

in the supercooled liquid region. We observe the development of strong small-

angle scattering, associated with phase separation on the nanometer scale in

the supercooled liquid. Analysis of the Zr-edge ASAXS data reveals that this

phase separation is largely due to a redistribution of Zr. Continued anneal-
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ing results in the nucleation and growth of Zr-rich crystalline intermetallic

phases.

Introduction

Recently, it has been established that several Zr-based bulk glass-forming

alloys undergo phase separation by spinodal decomposition upon annealing,

prior to crystallization. In Zr41.2Ti13.8Cu12.~Ni10Be22.5, for instance, small-

angle neutron scattering (SANS) [1] and atom-probe field-ion microscopy [2,

3] have revealed phase separation on nanometer length scales in the su-

percooled liquid region. Other alloys, such as Zrsz.5Ti5Cu17.gNi14.6Allo and

Zr57Nb5Culs.4Ni12.6A110,show similar behavior, which appears to be corre-

lated with the excellent glass-forming ability of these alloys [4]. Not all Zr-

based metallic glasses, however, undergo phase separation; Zr46.8Ti8.2Cu7.5Ni10Be27.5

is an example, which may explain why its glass-forming ability is not as good

as some of the other Zr-based alloys [5].

It is apparent from these studies that phase separation in the undercooked

liquid can have a significant effect on the crystallization of Zr-based bulk

glass-forming alloys. In such multicomponent systems, however, the kinetics
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of phase separation and crystallization can be quite complex. For instance,

multiple miscibility gaps may exist, occurring at different temperatures and

with different chemical compositions of the phase-separated regions. Fur-

thermore, it is an open question as to whether phase separation by spinodal

decomposition is also a common feature of multicomponent glass-forming

alloy systems other than those based on zirconium.

In order to better understand the details of phase separation and crys-

tallization in Zr52.5Ti5Cu17.gNi14.6A110,we have performed small-angle x-ray

scattering and anomalous small-angle x-ray scattering (ASAXS) on samples

annealed at temperatures near the glass transition. We observe the develop-

ment of a maximum in the SAXS and ASAXS scattering intensity, indicating

the development of phase separation on the nanometer scale. ASAXS obser-

vations performed near the Zr-K absorption edge reveal that the distribution

of Zr is homogeneous in the as-cast samples, but becomes increasingly inho-

mogeneous with increasing annealing time. These observations correlate well

with recent observations of phase separation in Zr52.5Ti5Cu17.gNilA.G~10by

SANS [4], indicating the scattering maximum in those studies was also due

to a phase separation involving zirconium.
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Experimental Procedure

The metallic glass samples used in this study were prepared by arc melting

master alloy ingots of the desired composition from high purity elemental

starting materials under a purified Ar atmosphere. Zr52.5Ti5Cu17.gNi14.6Allo

and related alloys that do not contain beryllium are quite sensitive to con-

tamination (particularly by oxygen); therefore, we find it necessary to re-

move surface contamination from the as-received starting materials by either

chemical etching or mechanical polishhg. The master alloy ingots were then

cast into a copper mold to produce 3 mm diameter cylindrical rods using

a suction-casting method that is described in more detail in Reference [6].

The resulting rods are fully amorphous (as determined by transmission elec-

tron microscopy), except for a thin (= 5-10 pm) thick shell of crystalline

material where the ingot was in contact with the mold wall. The oxygen

content of several representative samples was measured using Leco analysis;

in every case, the oxygen contamination level was less than 100 ppm, in-

dicating the effectiveness of the steps taken to reduce contamination. The

samples were annealed under Ar in a differential scanning calorimeter, fol-

lowing which thin specimens suitable for SAXS were prepared by sectioning
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and mechanical polishing.

We performed the SAXS observations on beamline 12-ID of the Advanced

I?hoton Source at Argonne National Laboratory; the design and operation

characteristics of the SAXS instrument are described in detail in Refer-

ence [7]. Scattering experiments were conducted at x-ray energies near the

Zr-K, Cu-lY, and Ni-K absorption edges, which occur at 17998 eV, 8979 eV,

and 8333 eV, respectively. Only the Zr-edge results are reported here. The

data were normalized by comparison to the scattering from a polyethylene

sample measured under identical experimental conditions.

Results

Figure l(a) shows a differential scanning calorimetry trace from a sample

heated at 10 K/rein. The glass transition occurs at 685 K, with the onset

of crystallization at about 720 K. There are two distinct but overlapping

exothermic peaks in the DSC trace; the physical processes causing these two

peaks can be examined separately by isothermal annealing at a temperature

below 720 K (Figure l(b)). Although we have not examined the nature of

the structural changes associated with the first exotherm in detail, in closely
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related alloys this exotherm is associated with the formation of nanometer-

scale quasicrystalline precipitates [8]. It is likely that a similar process occurs

in Zr52.~Ti5Cu17.gNi14.6A110.

Structural changes during annealing are illustrated by the x-ray diffrac-

tion scans in Figure 2. The as-cast specimens (Fig. 2(a)) show a broad scat-

tering feature characteristic of an amorphous material. Annealing for 90 min

at 705 K results in the nucleation crystalline intermetallic phases, principally

Zr2Ni and Zr2Cu (Fig. 2(b)). The x-ray diffraction peaks are weak and broad,

indicating that the crystallite are quite small. Upon annealing to 973 K, the

intermetallic crystals grow significantly, causing the x-ray diffraction peaks

to become more distinct (and more amenable to identification).

For the small-angle scattering studies, we examined samples in the as-cast

state, and annealed at several temperatures below the onset of crystallization

in the DSC scan. Figure 3 shows the evolution of the small-angle scattering

intensity (at an x-ray energy of 17898 eV) for an as-cast samples and samples

annealed for various durations at 705 K. The as-cast sample shows essentially

no small-angle scattering, indicating that the material is chemically homoge-

neous (on nanometer length scales). Upon annealing, a prominent maximum

in the scattered intensity develops, providing evidence for the development of
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phase separation. With increased, annealing time, the intensity of scattering

increases and the position of the maximum shifts to smaller scattering angle,

consistent with a spinodal decomposition mechanism.

The SAXS patterns in Fig. 3 clearly indicate the development of phase

separation upon annealing. They are not, however, capable of directly re-

vealing which elements are involved in the phase separation or the chemical

composition of the phase separation products. This is because x-ray scatter-

ing is fundamentally sensitive to fluctuations in electron density, not com-

position. However, it is possible to extract species-specific information from

x-ray scattering by using x-ray energies near an absorption edge of an ele-

ment of interest; this technique is called anomalous scattering [9]. Near the

Zr-K absorption edge, the Zr scattering factor changes significantly, while

those of the other elements remains essentially unchanged. As a result, any

change in scattered intensity with x-ray energy in this energy region is to

a reasonable approximation due only scattering events involving Zr atoms.

Thus, the difference in small-angle scattering between measurements made

at two energies below the Zr absorption edge is sensitive to the distribution

of Zr in the sample, without complicating contributions from other elements.

ASAXS observations from the samples annealed at 705 K are shown in
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Figure 4, which maybe compared with Figure 3. The general nature of the

evolution of the SAXS and Zr-edge ASAXS are quite similar, demonstrating

that the increase in scattered intensity observed in Figure 3 is due to the

development of nanometer-scale regions enriched (or depleted) in Zr. On the

basis of these observations, one cannot rule out the possibility that the phase

separation also involves other elements (Cu and Ni in particular). Indeed, the

fact that the final crystallization products include Zr2Ni and Zr2Cu indicates

that some redistribution of Cu and Ni must occur. This possibility could be

examined by ASAXS measurements at the relevant absorption edges.

One question that remains to be answered is the relationship between

the phase separation and the nucleation and growth of nanometer-scale crys-

talline precipitates. A likely possibility is that phase separation occurs by

spinodal decomposition, and that the resulting decomposed phases are more

favorable than the homogeneous alloy for nucleation and growth of the crys-

talline phases. If this is the case, one might also expect to see a separate

composition redistribution at longer times, associated with the development

of concentration gradients due to nucleation and growth of the crystalline

phases. Whether or not this is observable depends in part on the composition

of the decomposed amorphous phases compared to the growing crystalline
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phases,

Summary

We have observed phase separation in bulk amorphous Zrsz.sTisCulT.gNila.GAl10

that occurs during annealing in the supercooled liquid state. Anomalous

small-angle x-ray scattering reveals that this phase separation involves a re-

distribution of Zr on the nanometer length scale. Continued annealing results

in the nucleation and growth of crystalline intermetallic phases, suggesting

that nucleation of these phases is more favorable in the decomposed phases

than in the parent alloy. Phase separation prior to crystallization appears

to be a common feature of Zr-based bulk amorphous alloys with good glass-

forming characteristics.
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Figure Captions

1. Calorimetry results from amorphous zr52.5Ti5cU17.g~i14.6~lo. (a) Dif-

ferential scanning calorimetry at a heating rate of 10 K/rein shows a glass

transition at 685 K followed by two exotherms corresponding to crystalliza-

tion. (b) Isothermal annealing at 705 K shows the two isotherms from (a) as

separate peaks.

2. X-ray diffraction patterns (Cu Ka radiation) from (a) an as-cast sam-

ple, (b) a sample annealed 90 min at 705 K, and (c) a sample heated to 973 K.

The peak near 50° is from the sample holder. Note the lack of crystalline

reflections in the as-cast sample, and the development of crystalline peaks

due to intermetallic phases upon annealing.

3, SAXS patterns taken at 17898 eV as a function of annealing time at

705 K for amorphous Zr52.5Ti5Cu17.gNi14.6A110. The as-cast sample shows

essentially no small-angle scattering, indicating that it is chemically homo-

geneous. Upon annealing, a pronounced maximum in the SAXS pattern

develops due to phase separation.

4. Zr-K absorption edge ASAXS observations (determined from the dif-

ference in scattering between two measurements at energies 10 eV and 100 eV
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below the absorption edge) for the same samples as in Figure 3. These

ASAXSpatterns areonly sensitive tothedistribution of Zr; the fact that a

scattering maximum develops indicates that the phase separation observed

in Figure 3 is largely the result of Zr redistribution.
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