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Microstructure, decomposition, and crystallization in Zr4,Ti;14Cuq, NiioBes, 5 bulk metallic glass
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The microstructure as well as the decomposition and crystallization of th&iZCui, NiigBes 5 bulk
metallic glasgMG) has been investigated. The effects of the decomposition on the subsequent crystallization
are determined. Reduced density function analyses for the MG, and the decomposition and crystallization in
the MG have been made by means of electron-diffraction intensity measurement with imaging plate to deter-
mine the local atomic structure and its development in the course of the decomposition and crystallization. The
microstructural characteristics of the MG are obtained demonstrating the difference between the bulk MG and
conventional MG. The origin of the large glass forming ability of the alloy and the effect of the phase
separation on the crystallization are discussed based on the obtained local atomic structural information of the
MG. [S0163-18208)01914-9

I. INTRODUCTION the origin of the large GFA, the decomposition, and the crys-
tallization phenomena in the MG. However, the local atomic
Johnsonet al1~® have developed a unique multicompo- structure in the nearest-neighbor region is not determined by
nent glass forming system 4mi;,Cu;» NijgBey s with a  the conventional diffraction method, because the alloy sys-
wide supercooled liquid regioSLR). The metallic glass tem consists of five elements with greatly different atomic
(MG), which shows the best glass forming abiliGFA) sizes. Electron-diffraction intensity analysis with imaging-
known so far, can be obtained at various shapes and sizgdate (IP) technique is one way to overcome this difficulty,
even by the conventional casting process at a low coolingnd this method has been developed for obtaining RDF from
rate. This brings bulk MG close to technical applicability. amorphous materials in recent ye&ts'®It has a number of
The phase separation has been discovered in the supercooldivantages over x-ray and neutron-diffraction techniques for
liquid state of the MG, and intensive attention has been paithe structural investigation of amorphous materials. The
to the decomposition phenomenon and much effort has beenost important of these is the large scattering cross section
devoted to this work-2*The low cooling rate for the forma- that permits rapid data collection with good statistics. Sec-
tion of the MG allows one to observe the phase separationndly, the small wavelength compared to x-ray and neutron-
taking place below a miscibility gap in the SLR. Field ion diffraction techniques allows the collection of data to obtain
microscopy with atom probdFIM/AP) investigation re- a large value of wave number, because the wave number is
vealed that the MG decomposed into a Be-rich and a Ti-richnversely proportional to the wavelength, and then achieves
amorphous phase. Be and Ti show clear anticorrelated cogood resolution in real space. Additionally, the diffraction
centration fluctuations; Zr, Cu, Ni do not participate signifi- intensity can be parallel and recorded at all scattering angles
cantly in the decomposition of the supercooled liquidsimultaneously, and the structural information can be ob-
melt% However, up to now, the effects of the decomposi-tained from small chosen regions of the specimen. The de-
tion on the subsequent crystallization is a controversialelopment of the “imaging plate” techniqtiéenables one
question:®~*® because the adequate experimental data corte measure electron-diffraction intensity correctly because IP
cerning the effects have not been achieved, and the differeid of a wide dynamic range and has excellent linearity for the
experiments lead to contradicting results. The microstrucelectron intensity. In this work, the decomposition, crystalli-
tural characteristics of the MG have not been investigatedation, as well as the influence of decomposition on the crys-
because of the complex chemistry of the alloy, the micro4allization in the Zj;Ti;,Cu, NijgBey, 5 MG, are studied.
structural characteristics should have close relation with th&lectron-diffraction intensity analyses with the help of IP are
high GFA and the decomposition of the MG. The local applied for obtaining the RDF from the MG. The local
atomic structural development during the phase separatioatomic structural development during the decomposition and
and crystallization is still not clear. Reduced density functioncrystallization of the glass is presented. The large GFA and
(RDPF), G(r), evaluated by diffraction method, is an effec- the effects of the decomposition on the crystallization of the
tive way to describe the local atomic structure of a MG. Italloy are discussed by using the information of the local
can provide general information concerning the degree o&tomic structure. An additional motivation for the study is
structural randomness, the average atomic correlation disimply to provide local structural information concerning the
tances, and the average nearest-neighbor coordination numulticomponent bulk MG, in order to determine how it com-
bers. This information is very important for understandingpares structurally to other conventional MG.
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Il. EXPERIMENTAL AND ELECTRON-DIFFRACTION 800
INTENSITY ANALYSIS THEORY

Amorphous alloy ingots, with nominal composition 560
Zr 1 Ti1,Cuo NijgBers 5, Were prepared from a mixture of
the elements of purity ranging from 99.9% to 99.99% by
induction melting under a Ti-gettered Ar atmosphere. The
ingots were remelted in a sealed silica tube under pure Ar
atmosphere and were subsequently water quenched, resulting 320
in a cylindrical rod with a diameter of 12 mm. The details of
the preparation process are described in Ref. 11. The homog-
enous glass nature of the MG was previously approved by
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(DSO (Refs. 3 and 1} and small angle neutron scattering Q (hm)

(SANS).1®13 DSC results show that the MG exhibits a sig-

nificantly large SLRAT (AT=T,—Tg is 50 K), which is FIG. 1.  Electron-diffraction intensites of  the

defined as the difference of the glass transition temperaturgy, Ti, ,Cu,, Ni,JBeys MG at different annealing temperatures
Tg (623 K) and the onset temperature of the CrySta”iZ&tionmeasured by an imaging plat@) as-quenched staté)) annealed
eventT, (673 K). The cross-sectional thin foils cut from the in 623 K for 62 h;(c) annealed at 623 K for 15 h and then annealed
middle of the MG rod were investigated by transmissionat 653 K for 1 h:(d) annealed at 673 K for 1 h.

electron microscopyTEM). When the specimens were an-

nealed, each of them was heated up to the desired tempera- . RESULTS

ture using a (ate of about 10 K/min, and coolled down to A. Electron-diffraction intensity analysis

about 20 K/min to ensure the same thermal history for all . . ) .
specimens. TEM experiments were performed in a Philips W€ analyzed the intensity data assuming that the diffrac-
EM400 operating at 120 kV. Selected area electronion pattern contains only an elasticity scattering electron,
diffraction intensities were recorded on the IP with the samd®@cause the elastic intensity change with scattering angle is
exposure time of 0.5 s under the same camera length of 45(lj_ff|c_qlt to measure correctly._T_h|s assumption do_es not have
cm (corrected using a TICI reference particl@he intensity _S|gn|f|cant influence on obtaining the local atomic .structure
record was divided into 2%6grey levels. The details of the information of the _a_morphous alloy, because the mtegrated
TEM experimental procedure are referred to in Ref. 18. Thét'éas and the positions of the RDF peaks took only slightly
recorded intensities were digitized by using a computer, foldifferent values when analyzed without the intensity correc-

lowed by the RDF analysis. tion for the inelastic scatterin§.The effects of the multiple
A reduced intensity function is defined y?° scattering depend upon the specimen thickrigsand the
elastic mean-free path. They can be minimized either by
F(Q):[|(Q)_N<f2>]Q/N<f>2 choosing parameter® and the electron energy such that

multiple scattering is negligib® In our experiments, the
effects have been minimized by the use of thin specimens,
D <50 nm. An amorphous structure model of,E&l,s with a
thickness of 10 nm was created by computer and the multiple
wherel (Q) is elastic scattering intensity, amds the modu-  scattered intensity was compared with a kinematical intensi-
lus of the position vector of the ator@=4m sin@/\ (fis  ty: no appreciable difference between the calculated kine-
the half scattering angle arxd the electron wave length  matical and multiple scattered intensity was observed. The
p(r) is the radial number density function reliability of the method of the electron-diffraction intensity
analysis with IP has been checked against the known crys-
talline and amorphous structures such as Pt and amorphous
Si, and excellent agreement with the RDF reconstructed from
the diffraction data for these structures was obtaitddl’
whereN; andf; correspond to the atomic number and atomic  Average intensitie$(Q) were obtained up to the scatter-
scattering function of the elemeni, respectively. N ing vectorQ=200 nm L. The electron-diffraction curves of
=2iN;, po, the average density of the sample. The value othe MG at various annealing temperatures are presented in
N is chosen to minimize the oscillations in RDF curves atFig. 1. For the as-quenched sample, the cu(®) in Fig.

- f:[p<r>—po]4wr snQndr, (1)

2
(1= Nifi) IN? and <f2>=§ N;fi/N,

smallr. _ _ . 1(a) exhibits a broad maximum peak followed by another of
Then '_[he_reduc_ed density functi@(r) can be yielded by lesser intensity that is characteristic of a single amorphous
the Fourier inversion structure: no peaks indicative of the presence of crystalline

phase could be detected. Figuré)lshows the electron-
_ _ * . diffraction curvel ,(Q) of the MG annealed at 623 K for 62
G(r)—4wr[p(r)—po]—8wfo F(QsINQNAQ. (2 1, "he first peak spiits into two broad peaks, and no sharp
diffraction peaks form in the process. The TEM dark field
G(r) describes the deviation @f(r) from pg in the sample, micrograph imaged by the light of the outer ring shows that
the maxima inG(r) give the most probable distances be-the nanosized amorphous clusters of one phase are visible in
tween atoms of typesandj.?° the bright contrast. The results indicate that the MG sepa-
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FIG. 2. Differencd 1(Q), 1,(Q) representing the changes in the FIG. 3. RDF profile of the ZgTi;4Cuy, NijgBer, s MG.
electron-diffraction patterns of the 4ii,,Cuy, NijoBe, 5 MG in-
duced by the partial crystallization with and without preceding de

“the preceding decomposition has relatively stronger Bra
composition, respectively. P 9 P y g g9

peaks. The diffraction intensities analyses confirm that the

rates into two different amorphous phases. The decomposédystallization in the MG is affected by the preceding decom-
phases are Be-rich and Ti-rich amorphous ph&$asmicro-  position. The preceding decomposition promotes nucleation
structure of the precipitates of the amorphous phase with & the MG and thermally destabilizes the MG. The different
radius of up to 3 nm embedded in the second amorphougfystallite size distributions in the two specimens are a result
phase matrix was also found by SANSThe phase separa- ©f the different nucleation processes. The crystallites in the
tion process in the MG was confirmed by XRRef. 2) and ~ Specimen without preceding decomposition are formed by a
FIM/AP methods® homogeneous nucleation by a composition fluctuation from
To determine the influence of the decomposition on thehe initial homogeneous alloy. In contrast, the crystallites in
crystallization behavior, the MG specimens were treatedhe specimen with preceding decomposition are formed by
with different annealing conditions. One was isothermal anheterogeneous nucleation processes. The interfaces between
nealed at 623 K for 15 h, and then additionally annealed athe decomposed phases provide the nucleation sites and fa-
653 K for 1 h. The isothermal annealed at 623 K was percilitate the nucleation of the crystalline phases. This leads to
formed to cause a decomposition of the glass prior to théhe crystallization of the MG at lower temperature. The re-
crystallization, and then to exhibit the effects of the decom-sults also indicate that the crystallization in the MG can un-
position on the subsequent crystallizatitre., a preceding dergo different paths to the crystallization. The MG can di-
decomposition treatmentThe diffraction curve ;(Q) of the rectly crystallize by nucleation and growth from the initial
specimen is shown in Fig.(d). The first peak becomes homogeneous MG, or decompose into two amorphous
sharper, and represents the superimposition of the forme@hases; the decomposed phases crystallize at relatively lower
crystalline phases and the remaining amorphous phase. THmperature.
second peak splits and shows the Bragg reflection of the
crystalline phase. Other sharp diffraction peaks in the higher
angle range have also been found. The results indicate the
MG with the preceding decomposition crystallizes in the The RDF profiles are computed by the Fourier transfor-
SLR. The dark field TEM picture shows the specimen withmation of [(Q) truncated af,,=200 nni™. The range of
preceding decomposition has finer and denser nanoscafein Eq.(1) should be theoretically infinite, but in practiGe
crystallites, the median crystalline size is 2 nm. The diffrac-is finite. The termination of the integration leads to termina-
tion curvel 4(Q) of the sample that is directly annealed neartion error. However, electron diffraction allows the collec-
T, (673 K) for 1 h isshown in Fig. 1d). A superimposition tion of Q to be a large value: the integration is accurate
of the diffuse amorphous peak and the sharp crystallin@nough for the value oRQu..>° An artificial damping,
peaks arising from partial crystallization can be seen in thexp(—0.0020?), is also applied to the structure factor to
curve. The dark field TEM picture shows sparse and variousninimize the termination errd. The lower limit of Q is
sizes of the crystallites distributed randomly in the amor-0.03 nnt in all Fourier inversions. The small-angle scatter-
phous matrix. The average size is 3.5 nm. ing due to the finite size of the scattering volume has been
To evaluate and compare the crystallization behavior ofgnored in the derivation o&(r), because the Fourier inver-
the two partially crystallized samples with and without the sion of the small-angle scattering results in an oscillation in
preceding decomposition, the intensity data for the MG waghe G(r) at smallr. The corresponding RDF curve of the
subtracted from that of the two crystallized samples. TheMG is given in Fig. 3. The RDF profile shows a strong peak
resulting 11(Q)=1.(Q) —1,(Q) and 1,(Q)=14(Q)—1.(Q) at a mean distance of 0.28 nm and progressively weaker
are presented in Fig. 2. The two curves have completelpeaks at 0.48 and 0.72 nm. The first peak represents a mainly
corresponding Bragg’s peaks, which means the crystallizedearest-neighbor correlation of the atomic pair Zr-Be in the
phases in both cases are identical. However, the sample witiG. G(r) is dominated by Zr-Be pairs, because the pair has

B. Local structure of the metallic glass



8214 WEI-HUA WANG, Q. WEI, AND S. FRIEDRICH 57

relatively larger weight factorS. The MG exhibits a broad L
radial distribution of the first nearest neighbor that begins at
0.23 nm and ends at 0.36 nm, which is much broader than
that of the conventional MG. The broad peak is attributed to
the complex chemistry and the larger atomic difference be-
tween the Zr and Be atomic radiug, andrpge in the MG
(rge/rz=0.70), it may correspond to other nearest-neighbor
atomic pairs, for example, the Zr-Ni pair and the Cu-Ti pair.
The broadness of the peak also suggests that the MG pos-
sesses a complex and close-packed atomic environment. The
second peak has no obvious separation, which is the charac-
teristic of a conventional MG, and the feature of the RDF is
analogous to that of a liquid phase. This means that the mul-
ticomponent MG has a homogeneously mixed atomic con-

figuration corresponding to a much higher degree of a dense 01 03 05 07 09 171 13 15
random-packed structure with a lower fraction of free vol-

ume. This structural characteristic, which is distinct from r{nm)

conventional MG, has also been found in other multicompo- . . _

nent MG system&>%3 The attempt to calculate the coordina-  F!G. 4. RDF profiles of the ZgTi,,Cuy, NioBe, s MG treated
tion numbers of the elements was unsuccessful, and it gaved different annealing conditionda) as-quenched stateb) an-
too high coordination number to be reasonable, because tfig@led at 623 K for 62 hic) annealed at 623 K for 15 h and then
first peak corresponds to several neighboring atomic pairénnéaled at 653 K for 1 Hd) annealed at 673 K for 1 h.

Up to now, the composition and the structure of the crystalphases with different short-range orders and compositions.
lized compounds of the MG have not been determined, bethe atomic local environment in the MG is largely rear-
cause of the chemistry complgxny and the d.n‘flc.ul_ty of de'ranged in the phase separation process. Figumsad 4d)
tecting Be by XRD and TEM in the MG. It is difficult to  show the RDF profiles for the samples annealed with and
perform a comparative analysis of a complex unknown glasgithout preceding decomposition, respectively. The peaks of
structure by checking the results against some known COIT]3 (1) andG(r) are higher and sharper than those&Sig(r).
sponding crystalline structures so as to quantitatively deterrpe functions represent structural changes introduced into
mine the coordination number of the MG. However, the locakne initial MG by crystallization. The position of the first
structure changes induced by the decomposition and CrySt%eak(representing the Zr-Be atom pain the RDF profiles
lization of the MG can be found by evaluation of the evolu- of the two annealed samples shifts to 0.3 nm, the area of the
tion of the position(corresponds to atom paiand aredcor-  first peak increases compared with that of the as-quenched
responds to the change of the coordination number of th¢/G. This means the Zr-Be correlation distance and its aver-
atom paiy of the first peak of RDF curves. The shape of thegge coordination number are changed after crystallization.
RDF curve can also provide some additional informationTe results also indicate that the large atom redistribution is
about the local structure changes. The RDF profile of thgequired for crystallization. It is also found that several ad-
MG is similar t&that of the same specimen studied by neugitional peaks appear in tH@(r) profiles of the partial crys-
tron diffraction;™ suggesting that the IP intensity measure-tajjization samples, which indicate some locally ordered re-
ment method is quite helpful and reliable in analyzing thegions are formed in the samples. The additional features
electron-diffraction intensities. observed inG(r) at a distance up to 1.5 nm, may arise from
small clusters that form during the crystallization. The large
changes in RDF between the MG and the crystallized MG,
including the average nearest-neighbor distance of the Zr-Be
atomic pair, the coordination number, as well as the feature
In Fig. 4 the RDF curves corresponding to Fig&)%1(d) of the G(r) profiles, reveal that the local atomic structure of
are denoted byG,(r), Gy(r), Gq(r), and Gy(r), respec- the MG is markedly changed by crystallization. This demon-
tively. Figure 4a) shows the RDF profile of the as-quenched strates that the large local structural differences between the
MG. The RDF profile of the MG after complete decomposi- MG and its corresponding crystallized phases exist. To ac-
tion is shown in Fig. &b). The first peak in the profile shows centuate the differences and show the local structural devel-
a splitting into two subsidiary peaks with average distanceopment introduced by crystallization, the functi@g(r) has
r=0.32 nm and =0.24 nm. The former corresponds to the been subtracted frorG.(r) andGgy(r). Figure 5 shows the
interatomic distance of the Zr-Zr pair €£0.318 nm), and functionsG._,(r) and G4_,(r) that represent local struc-
the latter Be-Cu pair r(=0.239 nm) or Be-Ni pair  tural changes induced by crystallization. One can see from
=0.235 nm). This splitting is a consequence of the decomthe figure thailG._,(r) andGy_,(r) have no corresponding
position in the MG. The different first nearest-neighbor ra-peaks toG,(r): the peaks around=1.5 nm also become
dial density distributions obtained in the decomposed MGuvisible. The peaks in both of th&._,(r) andGgy_,(r) for
demonstrate the different local structure of the decomposethe crystalline case tend to be smaller than thaBgfr) for
phases. This suggests that the decomposition has a signifthe MG case. The differences in peak positions and area for
cant affect on the chemical and topological configurations ofG,(r) compared withG._,(r) andG4_,(r) confirm a dra-
the MG. The MG has decomposed into two amorphousmatic change of the local structure with respect to that of the

G(r)

C. The development of the local structure in decomposition
and crystallization
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conventional MG with no good GFA resembles the corre-
sponding equilibrium compounds with a composition near
that of the MG*®%~2%The similarity between the MG and
crystalline phaséusually the Laves phagés a fairly general
microstructural characteristic of the early-transition-metal—
late-transition-metal MG® The compoundlike local struc-
tures in the MG make the crystallization usually close to a
polymorphic crystallization. In contrast, the local atomic ar-

/\ rangement in the MG is markedly different from that of the
\J \/ E corresponding crystalline compounds. The observed phase
1 03 05 0

\/\' T ' 7 The local atomic configuration of short-range order in the
\i

aletatotetethpinony)

A NVAVA
\/ \vd

separation phenomenon in the MG indicates that a large
composition difference exists between the MG and its corre-
L sponding crystalline compounds, because a decomposition
7 09 11 13 15 takes places only in an alloy in which its composition is far

r (nm) away from the corresponding crystalline compoutfiSo,
) ) ) there are no microstructural and compositional similarities

FIG. 5. Differences of RDF obtained after subtracti@g(r) between the MG and its corresponding crystalline com-
from Ge(r), Ga(r). Ge-a(r)=Ge(r) =Ga(r), Gy-a(r)=Galr)  pounds. A significant large SLR in the MG further confirms
~Gq(n)- the structural characteristics. For conventional binary MG,
MG of the precursor phase induced by crystallization. TheA T is about 5 K, while for the Z#Ti,,Cu;, NiigBey, s MG,
curves ofG,_,(r) and G4_,(r) have the same peak posi- AT=50K. The supercooled liquid state of the MG has a
tions and shape_ The peak@aia(r) are re|a’[ive|y stronger high resistance to nucleation and high stability in larger tem-
compared with that o64_,(r). This means that the crystal- Perature ranges. This demonstrates that the nucleation and
lized Specimen with preceding decomposition has a |argegrOWth of the CrySta”ine phases require substantial atomic

IR EENLETI

0

volume fraction of the crystalline phases in the MG. diffusion, composition redistribution, high atomic mobility,
and a larger time scale, even in the supercooled liquid state,
IV. DISCUSSION and the MG has a much more compact structure and high

viscosity in the supercooled liquid state. The two microstruc-
tural characteristics make the nucleation and growth of the
crystalline phases from the initially homogenous supercooled
Based on the above experimental and analytical resultdiquid extremely difficult, because of the extremely slow mo-
we conclude that the bulk £iTisCu, Ni;Be»r s MG has  bility of the constituents in the high viscous supercooled lig-
two microstructural characteristics that are distinct from theuid. It is very difficult for the five elements in the alloy to
conventional MG: (1) The MG has a highly dense, ran- simultaneously satisfy the composition and structural re-
domly packed microstructur€2) The MG shows significant quirements of the crystalline compounds. Therefore, the dis-
differences in microstructure and composition compared t@rdered liquid structure of the melt can be frozen with a low
the corresponding crystalline compounds. The atomic strucsooling rate, and then leads to a large GFA in the alloy
tural characteristics should have close relation with the GFAsystem. The MG can be regarded as a true glass formed
of the MG. For the conventional MG, the second peak has aontinuously from the melt liquid, and its local structure is
obvious splitting that indicates the difference of the localthen similar to the liquid. In fact, the GFA of such alloy
structure between the MG and its liquid staf®dor the system approaches that of the traditional oxide glasses. The
present RDF curve of the bulk MG, the second peak of theorigin for the excellent GFA of the MG results from the two
RDF curve has no obvious separation, which is analogous tmicrostructural characteristics.
that of a liquid. The difference is explained based upon the The two microstructure characteristics result from the
fact that the MG has a similar microstructure with its corre-higher order multicomponent with very different atom size in
sponding liquid state. The results demonstrate that the M@he alloy system. As the number of components in a super-
can truly be regarded as a glass formed continuously from itsooled liquid is increased, the microstructure is more close
liquid state at a lower cooling rate: the local structure ofpacked, the composition deviation between the supercooled
the MG is more close packed than that of the conventionaliquid and nucleation crystalline phase will be increased, and
MG. The highly dense, randomly packed structure of the MGhe nucleation and growth of the crystalline phase in the
results from large atomic size ratios in the multicomponentundercooled liquid state will be confused. This is the so-
Be atoms with a much smaller atomic size relative to othercalled “confusion principle.®!*? Considering an alloy with
constituents tighten the alloy structure and decrease the free of equal concentration component elements, rfer2 to
volume and play a crucial role in the formation of this kind 10, the addition of each new element to the alloy will lower,
of microstructure. This is supported by our experimental reby an order of magnitude, the probability of the composition
sults that show the GFA is sensitive to the Be content. Thédluctuation to achieving a critical nucletsIn further sup-
more close-packed structural characteristics of the MG caugegort of this argument, carbon addition experiments on the
the high viscosity in the supercooled liquid state and makeZr,;Ti,4Cuy» Nij)Be», s MG have been performet, and
the redistribution of atoms on a large range scale in the melteasonable agreement was found. A small amount of carbon
extremely difficult. addition further enhances the GFA and extends the SLR of

A. The relation between microstructural characteristics
and GFA
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the MG, because carbon with a much smaller atomic size T T
(r.=0.091 nm) further tightens the structure, decreases the Zr41Tlos.s-xCurz sNiroBex WG
free volume, and lowers the probability of the concentration 7 decomposed  amorphous
fluctuation for crystalline formation in the melt. Carbon ad-
dition increases the degree of satisfaction for the confusion
principle for achievement of a larger GFA.

It is likely that two microstructural characteristics are gen-
eral structural characteristics for a multicomponent alloy sys- o
tem with excellent GFA. In fact, the high degree of dense _—
random packing density local structure has been found in ,
many multicomponent MG systerisThe large SLR of the i
MG originates from the two microstructure characteristics in vl \,/
the MG. This is supported by previous studies which confirm \y/
that the wide SLR has been generally found in other good
glass forming alloy systenfs;>*and theAT shows a good .
correlation with the GFA in the bulk M&?>34In fact, it is Ti Be
evident thatAT can be used to represent the GFA for the
easy glass forming metallic alloy3.The reduced glass tem-

peratureT,q defined by the ratio betweely, and the melting FIG. 6. Schematic Gibbs free energies of a supercooled liquid of
point temperaturél,,,*® which has been accounted for the the z,,Ti,,Cuy, NijBes s alloy, two decomposed amorphous
GFA of the various conventional M&, however does not phases, and two crystalline compounds.
reflect the relative GFA effectively among those good glass
forming SyStem§.5 This further confirms that the microstruc- between the MG and its Corresponding Crysta”ine phases, the
tural difference exists between the bulk MG and the convengrystallization is a nonpolymorphic process. The MG can
tional MG. The gOOd correlation between the Iarger SLR an(bjso undergo a preceding phase Separation in SLR by Spin_
the good GFA supports the view that the microstructuralpdel decomposition and decomposes into two amorphous
characteristics play a decisive role in the good GFA of thephases with no activation barrier: the decomposed phases
glass forming alloys. have similar local structures and compositions to the respec-
tive crystalline compounds. Thus, the subsequent crystalliza-
_ _ o tion process is close to polymorphic. The two processes
B. The influence of the phase separation on the crystallization compete in the MG towards the crystalline state. The TEM
The diffraction intensity analysis results demonstrate thapbservation and diffraction intensity analysis results demon-
the phase separation occurs in the,Zi;,Cu;, Ni;oBe,, s  Strate that the two crystallization phenomena do exist in the
MG: the decomposed phases have different short-range oMG. To explain the crystallization phenomena kinetically,
ders and compositions compared to the MG. The decompdhe activation barrier {G*) for the two nucleation process
sition destabilizes the MG and makes the MG thermally lesgn the SLR of the MG is evaluated byAG*
stable with respect to crystallization. This conclusion is sup—= 16m0>/3(AG)?, whereAG is the chemical driving force
ported by experiments that show the relation of the thermafor the formation of the crystalline phase,is the interfacial
stability and the change of the Be contéht® The results energy between liquid and crystal, which consists of a struc-
indicate that the thermal stability of the MG is increased bytural (¢°) and a chemical contribution o€),® o=0°
adding more Be. The Ti-rich Zr-Ti-Cu-Ni-Be MG is ther- +0¢° o° o¢° result from the entropy difference across and
mally less stable than the 4fi;,Cu, Ni;oBexr, s MG. The  the composition difference across the interface, respectively.
experimental results support the suggestion that the decontn the polymorphic caser® is very small because the com-
position destabilizes the MG and makes the MG thermallyposition difference across the interfaces can be neglected,
less stable with respect to crystallization, because the decorand the nucleation barrier involving a composition fluctua-
posed Ti-rich amorphous phase in the MG is thermally lesgion is very small, thus, the nucleation from the supercooled
stable than the MG and crystallizes in the lower temperaturdiquid state is a kinetically favored process in the polymor-
relative to MG. To clarify the phenomena, a schematic plotphic crystallization casée.g., crystallization in conventional
of the free-energy diagram is illustrated in Fig. 6, which MG). For the nonpolymorphic crystallization of the MG, due
exhibits schematically the decomposition and crystallizatiorto the larger compositional and local structural difference
behaviors of the MG. The diagram can be read as a binarpetween amorphous and crystalline compountfsand o°
cut through a multicomponent alloy with respect to Be andare larger compared to the polymorphic case, and the nucle-
Ti components in which the phase separation is involvedation barrier is much larger for nucleation of the crystalline
The free-energy curves for a supercooled liquid state of MGphase directly from the homogeneous MG in a supercooled
two decomposed Be-rich and Ti-rich amorphous phases, arijuid: the nucleation needs a relative long-time scale and
two crystalline compounds are drawn in the figure. As illus-higher temperature. The phase separation makes the MG de-
trated in the diagram, the MG cayo towardsthe crystalline compose into two amorphous phases that have similar com-
states in two crystallization paths. One process is the homgaosition and local structure to their respective crystalline
geneous nucleation of the crystalline compounds by a comsompounds, and the subsequent crystallization close to the
position fluctuation directly from the initial homogeneous polymorphic process. The chemical contributieh vanish-
melt. Due to the microstructure and composition differencesng with the composition differencacross the amorphous

- ———crystalline compounds

~

Gibbs free energy

Be content (at. %)
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and crystalline compound interface decregdbe structural which makes the redistribution of atoms on a large range
contribution o° also decreases because of the similar locakcale extremely difficult in the supercooled liquid state. The
structure across the interface. Thus the nucleation barrier sidarge changes is(r) between the MG and its crystallized
nificantly decreases after the phase separation in MG, and tistate demonstrate that the MG has a local structure that is far
nucleation probability for the formation of the compounds inaway from its corresponding crystalline compounds: the
the decomposed phases increases compared to that in tbeystallization directly from the initial MG needs large scale
initial MG. The phase separation may also give rise to arange diffusion of the constituent atoms. The two microstruc-
greatly decreased viscosity of the supercooled liquid andural characteristics of the MG, which are distinct from the
then increases the mobility of the atoms in the M&Nean-  conventional MG, retard the crystallization by suppressing
while, the interfaces induced by decomposition promote thewucleation and growth of the crystalline phase, and then lead
nucleation of the crystalline phases by providing the nucleto large GFA and wide SLR of the alloy. The phase separa-
ation sites. So, the crystallization path through preceding detion in the supercooled liquid state is accompanied by a ma-
composition is kinetically favored in the MG. The phasejor structural rearrangement. The decomposed amorphous
separation affects the subsequent crystallization by promophases have close compositions and local structures to the
ing the nucleation and decreasing the thermal stability of theespective crystalline compounds and exhibit a high nucle-
MG. The existence of the phase separation tendency in thation rate in crystallization compared to that of the MG. The
MG also reflects the large composition and local structuradecomposition affects the subsequent crystallization by pro-
difference between the MG and its corresponding crystallinenoting the nucleation and destabilizing the thermal stability
compounds. of the MG.
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