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Microstructure, decomposition, and crystallization in Zr41Ti 14Cu12.5Ni10Be22.5 bulk metallic glass
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The microstructure as well as the decomposition and crystallization of the Zr41Ti14Cu12.5Ni10Be22.5 bulk
metallic glass~MG! 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. @S0163-1829~98!01914-6#
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I. INTRODUCTION

Johnsonet al.1–6 have developed a unique multicomp
nent glass forming system Zr41Ti14Cu12.5Ni10Be22.5 with a
wide supercooled liquid region~SLR!. The metallic glass
~MG!, which shows the best glass forming ability~GFA!
known so far, can be obtained at various shapes and s
even by the conventional casting process at a low coo
rate. This brings bulk MG close to technical applicabilit
The phase separation has been discovered in the superc
liquid state of the MG, and intensive attention has been p
to the decomposition phenomenon and much effort has b
devoted to this work.7–13The low cooling rate for the forma
tion of the MG allows one to observe the phase separa
taking place below a miscibility gap in the SLR. Field io
microscopy with atom probe~FIM/AP! investigation re-
vealed that the MG decomposed into a Be-rich and a Ti-r
amorphous phase. Be and Ti show clear anticorrelated
centration fluctuations; Zr, Cu, Ni do not participate sign
cantly in the decomposition of the supercooled liqu
melt.10,11 However, up to now, the effects of the decompo
tion on the subsequent crystallization is a controver
question,10–13 because the adequate experimental data c
cerning the effects have not been achieved, and the diffe
experiments lead to contradicting results. The microstr
tural characteristics of the MG have not been investiga
because of the complex chemistry of the alloy, the mic
structural characteristics should have close relation with
high GFA and the decomposition of the MG. The loc
atomic structural development during the phase separa
and crystallization is still not clear. Reduced density funct
~RDF!, G(r ), evaluated by diffraction method, is an effe
tive way to describe the local atomic structure of a MG.
can provide general information concerning the degree
structural randomness, the average atomic correlation
tances, and the average nearest-neighbor coordination n
bers. This information is very important for understandi
570163-1829/98/57~14!/8211~7!/$15.00
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the origin of the large GFA, the decomposition, and the cr
tallization phenomena in the MG. However, the local atom
structure in the nearest-neighbor region is not determined
the conventional diffraction method, because the alloy s
tem consists of five elements with greatly different atom
sizes. Electron-diffraction intensity analysis with imagin
plate ~IP! technique is one way to overcome this difficult
and this method has been developed for obtaining RDF fr
amorphous materials in recent years.14–16 It has a number of
advantages over x-ray and neutron-diffraction techniques
the structural investigation of amorphous materials. T
most important of these is the large scattering cross sec
that permits rapid data collection with good statistics. S
ondly, the small wavelength compared to x-ray and neutr
diffraction techniques allows the collection of data to obta
a large value of wave number, because the wave numb
inversely proportional to the wavelength, and then achie
good resolution in real space. Additionally, the diffractio
intensity can be parallel and recorded at all scattering an
simultaneously, and the structural information can be
tained from small chosen regions of the specimen. The
velopment of the ‘‘imaging plate’’ technique17 enables one
to measure electron-diffraction intensity correctly because
is of a wide dynamic range and has excellent linearity for
electron intensity. In this work, the decomposition, crysta
zation, as well as the influence of decomposition on the cr
tallization in the Zr41Ti14Cu12.5Ni10Be22.5 MG, are studied.
Electron-diffraction intensity analyses with the help of IP a
applied for obtaining the RDF from the MG. The loc
atomic structural development during the decomposition
crystallization of the glass is presented. The large GFA a
the effects of the decomposition on the crystallization of
alloy are discussed by using the information of the lo
atomic structure. An additional motivation for the study
simply to provide local structural information concerning t
multicomponent bulk MG, in order to determine how it com
pares structurally to other conventional MG.
8211 © 1998 The American Physical Society
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II. EXPERIMENTAL AND ELECTRON-DIFFRACTION
INTENSITY ANALYSIS THEORY

Amorphous alloy ingots, with nominal compositio
Zr41Ti14Cu12.5Ni10Be22.5, were prepared from a mixture o
the elements of purity ranging from 99.9% to 99.99%
induction melting under a Ti-gettered Ar atmosphere. T
ingots were remelted in a sealed silica tube under pure
atmosphere and were subsequently water quenched, resu
in a cylindrical rod with a diameter of 12 mm. The details
the preparation process are described in Ref. 11. The hom
enous glass nature of the MG was previously approved
x-ray diffraction ~XRD!,3,9 differential scanning calorimete
~DSC! ~Refs. 3 and 11!, and small angle neutron scatterin
~SANS!.10,13 DSC results show that the MG exhibits a si
nificantly large SLR,DT ~DT5Tx2Tg is 50 K!, which is
defined as the difference of the glass transition tempera
Tg ~623 K! and the onset temperature of the crystallizat
eventTx ~673 K!. The cross-sectional thin foils cut from th
middle of the MG rod were investigated by transmissi
electron microscopy~TEM!. When the specimens were a
nealed, each of them was heated up to the desired temp
ture using a rate of about 10 K/min, and cooled down
about 20 K/min to ensure the same thermal history for
specimens. TEM experiments were performed in a Phi
EM400 operating at 120 kV. Selected area electr
diffraction intensities were recorded on the IP with the sa
exposure time of 0.5 s under the same camera length of
cm ~corrected using a TlCl reference particle!. The intensity
record was divided into 2562 grey levels. The details of the
TEM experimental procedure are referred to in Ref. 18. T
recorded intensities were digitized by using a computer,
lowed by the RDF analysis.

A reduced intensity function is defined by19,20

F~Q!5@ I ~Q!2N^ f 2&#Q/N^ f &2

5E
0

`

@r~r !2r0#4pr sin~Qr !dr, ~1!

whereI (Q) is elastic scattering intensity, andr is the modu-
lus of the position vector of the atom.Q54p sinu/l ~u is
the half scattering angle andl the electron wave length!,
r(r ) is the radial number density function

^ f &25S (
i

Ni f i D 2

/N2 and ^ f 2&5(
j

Nj f j
2/N,

whereNi and f i correspond to the atomic number and atom
scattering function of the elementi , respectively. N
5( iNi , r0 , the average density of the sample. The value
N is chosen to minimize the oscillations in RDF curves
small r .

Then the reduced density functionG(r ) can be yielded by
the Fourier inversion

G~r !54pr @r~r !2r0#58pE
0

`

F~Q!sin~Qr !dQ. ~2!

G(r ) describes the deviation ofr(r ) from r0 in the sample,
the maxima inG(r ) give the most probable distances b
tween atoms of typesi and j .20
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III. RESULTS

A. Electron-diffraction intensity analysis

We analyzed the intensity data assuming that the diffr
tion pattern contains only an elasticity scattering electr
because the elastic intensity change with scattering ang
difficult to measure correctly. This assumption does not h
significant influence on obtaining the local atomic structu
information of the amorphous alloy, because the integra
areas and the positions of the RDF peaks took only sligh
different values when analyzed without the intensity corr
tion for the inelastic scattering.16 The effects of the multiple
scattering depend upon the specimen thicknessD and the
elastic mean-free path. They can be minimized either
choosing parametersD and the electron energy such th
multiple scattering is negligible.14 In our experiments, the
effects have been minimized by the use of thin specime
D,50 nm. An amorphous structure model of Pd75Si25 with a
thickness of 10 nm was created by computer and the mult
scattered intensity was compared with a kinematical inte
ty: no appreciable difference between the calculated ki
matical and multiple scattered intensity was observed. T
reliability of the method of the electron-diffraction intensi
analysis with IP has been checked against the known c
talline and amorphous structures such as Pt and amorp
Si, and excellent agreement with the RDF reconstructed fr
the diffraction data for these structures was obtained.14,16,17

Average intensitiesI (Q) were obtained up to the scatte
ing vectorQ5200 nm21. The electron-diffraction curves o
the MG at various annealing temperatures are presente
Fig. 1. For the as-quenched sample, the curveI a(Q) in Fig.
1~a! exhibits a broad maximum peak followed by another
lesser intensity that is characteristic of a single amorph
structure: no peaks indicative of the presence of crystal
phase could be detected. Figure 1~b! shows the electron-
diffraction curveI b(Q) of the MG annealed at 623 K for 62
h. The first peak splits into two broad peaks, and no sh
diffraction peaks form in the process. The TEM dark fie
micrograph imaged by the light of the outer ring shows th
the nanosized amorphous clusters of one phase are visib
the bright contrast. The results indicate that the MG se

FIG. 1. Electron-diffraction intensities of the
Zr41Ti14Cu12.5Ni10Be22.5 MG at different annealing temperature
measured by an imaging plate:~a! as-quenched state;~b! annealed
in 623 K for 62 h;~c! annealed at 623 K for 15 h and then annea
at 653 K for 1 h;~d! annealed at 673 K for 1 h.



s

th
o
-

th
te
an

e
th
m

s
m
T
th
h
t

he
ith
c
c
a

lin
th
ou
or

o
he
a
h

te
ze
w

agg
the
m-
tion
nt
sult
the
y a
om
in
by

ween
d fa-
s to
re-
n-

di-
al
ous
wer

or-

a-
c-
te

to

r-
een
-
in

e
ak
ker

ainly
the
as

e

de
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rates into two different amorphous phases. The decompo
phases are Be-rich and Ti-rich amorphous phases.13 A micro-
structure of the precipitates of the amorphous phase wi
radius of up to 3 nm embedded in the second amorph
phase matrix was also found by SANS.10 The phase separa
tion process in the MG was confirmed by XRD~Ref. 21! and
FIM/AP methods.3,9

To determine the influence of the decomposition on
crystallization behavior, the MG specimens were trea
with different annealing conditions. One was isothermal
nealed at 623 K for 15 h, and then additionally annealed
653 K for 1 h. The isothermal annealed at 623 K was p
formed to cause a decomposition of the glass prior to
crystallization, and then to exhibit the effects of the deco
position on the subsequent crystallization~i.e., a preceding
decomposition treatment!. The diffraction curveI c(Q) of the
specimen is shown in Fig. 1~c!. The first peak become
sharper, and represents the superimposition of the for
crystalline phases and the remaining amorphous phase.
second peak splits and shows the Bragg reflection of
crystalline phase. Other sharp diffraction peaks in the hig
angle range have also been found. The results indicate
MG with the preceding decomposition crystallizes in t
SLR. The dark field TEM picture shows the specimen w
preceding decomposition has finer and denser nanos
crystallites, the median crystalline size is 2 nm. The diffra
tion curveI d(Q) of the sample that is directly annealed ne
Tx ~673 K! for 1 h is shown in Fig. 1~d!. A superimposition
of the diffuse amorphous peak and the sharp crystal
peaks arising from partial crystallization can be seen in
curve. The dark field TEM picture shows sparse and vari
sizes of the crystallites distributed randomly in the am
phous matrix. The average size is 3.5 nm.

To evaluate and compare the crystallization behavior
the two partially crystallized samples with and without t
preceding decomposition, the intensity data for the MG w
subtracted from that of the two crystallized samples. T
resulting I 1(Q)5I c(Q)2I a(Q) and I 2(Q)5I d(Q)2I a(Q)
are presented in Fig. 2. The two curves have comple
corresponding Bragg’s peaks, which means the crystalli
phases in both cases are identical. However, the sample

FIG. 2. DifferenceI 1(Q), I 2(Q) representing the changes in th
electron-diffraction patterns of the Zr41Ti14Cu12.5Ni10Be22.5 MG in-
duced by the partial crystallization with and without preceding
composition, respectively.
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the preceding decomposition has relatively stronger Br
peaks. The diffraction intensities analyses confirm that
crystallization in the MG is affected by the preceding deco
position. The preceding decomposition promotes nuclea
in the MG and thermally destabilizes the MG. The differe
crystallite size distributions in the two specimens are a re
of the different nucleation processes. The crystallites in
specimen without preceding decomposition are formed b
homogeneous nucleation by a composition fluctuation fr
the initial homogeneous alloy. In contrast, the crystallites
the specimen with preceding decomposition are formed
heterogeneous nucleation processes. The interfaces bet
the decomposed phases provide the nucleation sites an
cilitate the nucleation of the crystalline phases. This lead
the crystallization of the MG at lower temperature. The
sults also indicate that the crystallization in the MG can u
dergo different paths to the crystallization. The MG can
rectly crystallize by nucleation and growth from the initi
homogeneous MG, or decompose into two amorph
phases; the decomposed phases crystallize at relatively lo
temperature.

B. Local structure of the metallic glass

The RDF profiles are computed by the Fourier transf
mation of I (Q) truncated atQmax5200 nm21. The range of
Q in Eq. ~1! should be theoretically infinite, but in practiceQ
is finite. The termination of the integration leads to termin
tion error. However, electron diffraction allows the colle
tion of Q to be a large value: the integration is accura
enough for the value ofQmax.

20 An artificial damping,
exp(20.002Q2), is also applied to the structure factor
minimize the termination error.19 The lower limit of Q is
0.03 nm21 in all Fourier inversions. The small-angle scatte
ing due to the finite size of the scattering volume has b
ignored in the derivation ofG(r ), because the Fourier inver
sion of the small-angle scattering results in an oscillation
the G(r ) at small r . The corresponding RDF curve of th
MG is given in Fig. 3. The RDF profile shows a strong pe
at a mean distance of 0.28 nm and progressively wea
peaks at 0.48 and 0.72 nm. The first peak represents a m
nearest-neighbor correlation of the atomic pair Zr-Be in
MG. G(r ) is dominated by Zr-Be pairs, because the pair h

-

FIG. 3. RDF profile of the Zr41Ti14Cu12.5Ni10Be22.5 MG.
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relatively larger weight factors.19 The MG exhibits a broad
radial distribution of the first nearest neighbor that begins
0.23 nm and ends at 0.36 nm, which is much broader t
that of the conventional MG. The broad peak is attributed
the complex chemistry and the larger atomic difference
tween the Zr and Be atomic radiusr Zr and r Be in the MG
(r Be/r Zr50.70), it may correspond to other nearest-neigh
atomic pairs, for example, the Zr-Ni pair and the Cu-Ti pa
The broadness of the peak also suggests that the MG
sesses a complex and close-packed atomic environment
second peak has no obvious separation, which is the cha
teristic of a conventional MG, and the feature of the RDF
analogous to that of a liquid phase. This means that the m
ticomponent MG has a homogeneously mixed atomic c
figuration corresponding to a much higher degree of a de
random-packed structure with a lower fraction of free v
ume. This structural characteristic, which is distinct fro
conventional MG, has also been found in other multicom
nent MG systems.22,23The attempt to calculate the coordin
tion numbers of the elements was unsuccessful, and it ga
too high coordination number to be reasonable, because
first peak corresponds to several neighboring atomic pa
Up to now, the composition and the structure of the crys
lized compounds of the MG have not been determined,
cause of the chemistry complexity and the difficulty of d
tecting Be by XRD and TEM in the MG. It is difficult to
perform a comparative analysis of a complex unknown gl
structure by checking the results against some known co
sponding crystalline structures so as to quantitatively de
mine the coordination number of the MG. However, the lo
structure changes induced by the decomposition and cry
lization of the MG can be found by evaluation of the evo
tion of the position~corresponds to atom pair! and area~cor-
responds to the change of the coordination number of
atom pair! of the first peak of RDF curves. The shape of t
RDF curve can also provide some additional informat
about the local structure changes. The RDF profile of
MG is similar to that of the same specimen studied by n
tron diffraction,24 suggesting that the IP intensity measu
ment method is quite helpful and reliable in analyzing t
electron-diffraction intensities.

C. The development of the local structure in decomposition
and crystallization

In Fig. 4 the RDF curves corresponding to Figs. 1~a!–1~d!
are denoted byGa(r ), Gb(r ), Gc(r ), and Gd(r ), respec-
tively. Figure 4~a! shows the RDF profile of the as-quench
MG. The RDF profile of the MG after complete decompo
tion is shown in Fig. 4~b!. The first peak in the profile show
a splitting into two subsidiary peaks with average distan
r 50.32 nm andr 50.24 nm. The former corresponds to th
interatomic distance of the Zr-Zr pair (r 50.318 nm), and
the latter Be-Cu pair (r 50.239 nm) or Be-Ni pair (r
50.235 nm). This splitting is a consequence of the deco
position in the MG. The different first nearest-neighbor
dial density distributions obtained in the decomposed M
demonstrate the different local structure of the decompo
phases. This suggests that the decomposition has a sig
cant affect on the chemical and topological configurations
the MG. The MG has decomposed into two amorpho
t
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phases with different short-range orders and compositio
The atomic local environment in the MG is largely rea
ranged in the phase separation process. Figures 4~c! and 4~d!
show the RDF profiles for the samples annealed with a
without preceding decomposition, respectively. The peak
Gc(r ) andGd(r ) are higher and sharper than those inGa(r ).
The functions represent structural changes introduced
the initial MG by crystallization. The position of the firs
peak~representing the Zr-Be atom pair! in the RDF profiles
of the two annealed samples shifts to 0.3 nm, the area of
first peak increases compared with that of the as-quenc
MG. This means the Zr-Be correlation distance and its av
age coordination number are changed after crystallizat
The results also indicate that the large atom redistributio
required for crystallization. It is also found that several a
ditional peaks appear in theG(r ) profiles of the partial crys-
tallization samples, which indicate some locally ordered
gions are formed in the samples. The additional featu
observed inG(r ) at a distance up to 1.5 nm, may arise fro
small clusters that form during the crystallization. The lar
changes in RDF between the MG and the crystallized M
including the average nearest-neighbor distance of the Zr
atomic pair, the coordination number, as well as the feat
of theG(r ) profiles, reveal that the local atomic structure
the MG is markedly changed by crystallization. This demo
strates that the large local structural differences between
MG and its corresponding crystallized phases exist. To
centuate the differences and show the local structural de
opment introduced by crystallization, the functionGa(r ) has
been subtracted fromGc(r ) andGd(r ). Figure 5 shows the
functions Gc2a(r ) and Gd2a(r ) that represent local struc
tural changes induced by crystallization. One can see fr
the figure thatGc2a(r ) andGd2a(r ) have no corresponding
peaks toGa(r ): the peaks aroundr 51.5 nm also become
visible. The peaks in both of theGc2a(r ) andGd2a(r ) for
the crystalline case tend to be smaller than that ofGa(r ) for
the MG case. The differences in peak positions and area
Ga(r ) compared withGc2a(r ) andGd2a(r ) confirm a dra-
matic change of the local structure with respect to that of

FIG. 4. RDF profiles of the Zr41Ti14Cu12.5Ni10Be22.5 MG treated
at different annealing conditions:~a! as-quenched state;~b! an-
nealed at 623 K for 62 h;~c! annealed at 623 K for 15 h and the
annealed at 653 K for 1 h;~d! annealed at 673 K for 1 h.
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MG of the precursor phase induced by crystallization. T
curves ofGc2a(r ) and Gd2a(r ) have the same peak pos
tions and shape. The peaks inGc2a(r ) are relatively stronger
compared with that ofGd2a(r ). This means that the crysta
lized specimen with preceding decomposition has a lar
volume fraction of the crystalline phases in the MG.

IV. DISCUSSION

A. The relation between microstructural characteristics
and GFA

Based on the above experimental and analytical res
we conclude that the bulk Zr41Ti14Cu12.5Ni10Be22.5 MG has
two microstructural characteristics that are distinct from
conventional MG: ~1! The MG has a highly dense, ran
domly packed microstructure.~2! The MG shows significan
differences in microstructure and composition compared
the corresponding crystalline compounds. The atomic st
tural characteristics should have close relation with the G
of the MG. For the conventional MG, the second peak ha
obvious splitting that indicates the difference of the loc
structure between the MG and its liquid states.25 For the
present RDF curve of the bulk MG, the second peak of
RDF curve has no obvious separation, which is analogou
that of a liquid. The difference is explained based upon
fact that the MG has a similar microstructure with its cor
sponding liquid state. The results demonstrate that the
can truly be regarded as a glass formed continuously from
liquid state at a lower cooling rate: the local structure
the MG is more close packed than that of the conventio
MG. The highly dense, randomly packed structure of the M
results from large atomic size ratios in the multicompone
Be atoms with a much smaller atomic size relative to ot
constituents tighten the alloy structure and decrease the
volume and play a crucial role in the formation of this kin
of microstructure. This is supported by our experimental
sults that show the GFA is sensitive to the Be content. T
more close-packed structural characteristics of the MG ca
the high viscosity in the supercooled liquid state and m
the redistribution of atoms on a large range scale in the m
extremely difficult.

FIG. 5. Differences of RDF obtained after subtractingGa(r )
from Gc(r ), Gd(r ). Gc2a(r )5Gc(r )2Ga(r ), Gd2a(r )5Ga(r )
2Gd(r ).
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The local atomic configuration of short-range order in t
conventional MG with no good GFA resembles the cor
sponding equilibrium compounds with a composition ne
that of the MG.15,25–29The similarity between the MG and
crystalline phase~usually the Laves phase! is a fairly general
microstructural characteristic of the early-transition-meta
late-transition-metal MG.28 The compoundlike local struc
tures in the MG make the crystallization usually close to
polymorphic crystallization. In contrast, the local atomic a
rangement in the MG is markedly different from that of th
corresponding crystalline compounds. The observed ph
separation phenomenon in the MG indicates that a la
composition difference exists between the MG and its co
sponding crystalline compounds, because a decompos
takes places only in an alloy in which its composition is f
away from the corresponding crystalline compounds.30 So,
there are no microstructural and compositional similarit
between the MG and its corresponding crystalline co
pounds. A significant large SLR in the MG further confirm
the structural characteristics. For conventional binary M
DT is about 5 K, while for the Zr41Ti14Cu12.5Ni10Be22.5 MG,
DT550 K. The supercooled liquid state of the MG has
high resistance to nucleation and high stability in larger te
perature ranges. This demonstrates that the nucleation
growth of the crystalline phases require substantial ato
diffusion, composition redistribution, high atomic mobility
and a larger time scale, even in the supercooled liquid st
and the MG has a much more compact structure and h
viscosity in the supercooled liquid state. The two microstru
tural characteristics make the nucleation and growth of
crystalline phases from the initially homogenous supercoo
liquid extremely difficult, because of the extremely slow m
bility of the constituents in the high viscous supercooled l
uid. It is very difficult for the five elements in the alloy t
simultaneously satisfy the composition and structural
quirements of the crystalline compounds. Therefore, the
ordered liquid structure of the melt can be frozen with a lo
cooling rate, and then leads to a large GFA in the al
system. The MG can be regarded as a true glass for
continuously from the melt liquid, and its local structure
then similar to the liquid. In fact, the GFA of such allo
system approaches that of the traditional oxide glasses.
origin for the excellent GFA of the MG results from the tw
microstructural characteristics.

The two microstructure characteristics result from t
higher order multicomponent with very different atom size
the alloy system. As the number of components in a sup
cooled liquid is increased, the microstructure is more clo
packed, the composition deviation between the superco
liquid and nucleation crystalline phase will be increased, a
the nucleation and growth of the crystalline phase in
undercooled liquid state will be confused. This is the s
called ‘‘confusion principle.’’31,32 Considering an alloy with
n of equal concentration component elements, forn52 to
10, the addition of each new element to the alloy will lowe
by an order of magnitude, the probability of the compositi
fluctuation to achieving a critical nucleus.32 In further sup-
port of this argument, carbon addition experiments on
Zr41Ti14Cu12.5Ni10Be22.5 MG have been performed,33 and
reasonable agreement was found. A small amount of car
addition further enhances the GFA and extends the SLR
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the MG, because carbon with a much smaller atomic s
(r c50.091 nm) further tightens the structure, decreases
free volume, and lowers the probability of the concentrat
fluctuation for crystalline formation in the melt. Carbon a
dition increases the degree of satisfaction for the confus
principle for achievement of a larger GFA.

It is likely that two microstructural characteristics are ge
eral structural characteristics for a multicomponent alloy s
tem with excellent GFA. In fact, the high degree of den
random packing density local structure has been found
many multicomponent MG systems.25 The large SLR of the
MG originates from the two microstructure characteristics
the MG. This is supported by previous studies which confi
that the wide SLR has been generally found in other go
glass forming alloy systems,25,34 and theDT shows a good
correlation with the GFA in the bulk MG.1,25,34 In fact, it is
evident thatDT can be used to represent the GFA for t
easy glass forming metallic alloys.35 The reduced glass tem
peratureTrg defined by the ratio betweenTg and the melting
point temperatureTm ,36 which has been accounted for th
GFA of the various conventional MG,37 however does no
reflect the relative GFA effectively among those good gl
forming systems.35 This further confirms that the microstruc
tural difference exists between the bulk MG and the conv
tional MG. The good correlation between the larger SLR a
the good GFA supports the view that the microstructu
characteristics play a decisive role in the good GFA of
glass forming alloys.

B. The influence of the phase separation on the crystallization

The diffraction intensity analysis results demonstrate t
the phase separation occurs in the Zr41Ti14Cu12.5Ni10Be22.5
MG: the decomposed phases have different short-range
ders and compositions compared to the MG. The decom
sition destabilizes the MG and makes the MG thermally l
stable with respect to crystallization. This conclusion is s
ported by experiments that show the relation of the ther
stability and the change of the Be content.12,38 The results
indicate that the thermal stability of the MG is increased
adding more Be. The Ti-rich Zr-Ti-Cu-Ni-Be MG is ther
mally less stable than the Zr41Ti14Cu12.5Ni10Be22.5 MG. The
experimental results support the suggestion that the dec
position destabilizes the MG and makes the MG therma
less stable with respect to crystallization, because the dec
posed Ti-rich amorphous phase in the MG is thermally l
stable than the MG and crystallizes in the lower tempera
relative to MG. To clarify the phenomena, a schematic p
of the free-energy diagram is illustrated in Fig. 6, whi
exhibits schematically the decomposition and crystallizat
behaviors of the MG. The diagram can be read as a bin
cut through a multicomponent alloy with respect to Be a
Ti components in which the phase separation is involv
The free-energy curves for a supercooled liquid state of M
two decomposed Be-rich and Ti-rich amorphous phases,
two crystalline compounds are drawn in the figure. As illu
trated in the diagram, the MG cango towardsthe crystalline
states in two crystallization paths. One process is the ho
geneous nucleation of the crystalline compounds by a c
position fluctuation directly from the initial homogeneo
melt. Due to the microstructure and composition differen
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between the MG and its corresponding crystalline phases
crystallization is a nonpolymorphic process. The MG c
also undergo a preceding phase separation in SLR by s
odel decomposition and decomposes into two amorph
phases with no activation barrier: the decomposed pha
have similar local structures and compositions to the resp
tive crystalline compounds. Thus, the subsequent crystall
tion process is close to polymorphic. The two proces
compete in the MG towards the crystalline state. The TE
observation and diffraction intensity analysis results dem
strate that the two crystallization phenomena do exist in
MG. To explain the crystallization phenomena kinetical
the activation barrier (DG* ) for the two nucleation proces
in the SLR of the MG is evaluated byDG*
516ps3/3(DG)2, whereDG is the chemical driving force
for the formation of the crystalline phase,s is the interfacial
energy between liquid and crystal, which consists of a str
tural (ss) and a chemical contribution (sc),39 s5ss

1sc ss, sc result from the entropy difference across a
the composition difference across the interface, respectiv
In the polymorphic case,sc is very small because the com
position difference across the interfaces can be neglec
and the nucleation barrier involving a composition fluctu
tion is very small, thus, the nucleation from the supercoo
liquid state is a kinetically favored process in the polymo
phic crystallization case~e.g., crystallization in conventiona
MG!. For the nonpolymorphic crystallization of the MG, du
to the larger compositional and local structural differen
between amorphous and crystalline compounds,ss and sc

are larger compared to the polymorphic case, and the nu
ation barrier is much larger for nucleation of the crystalli
phase directly from the homogeneous MG in a supercoo
liquid: the nucleation needs a relative long-time scale a
higher temperature. The phase separation makes the MG
compose into two amorphous phases that have similar c
position and local structure to their respective crystall
compounds, and the subsequent crystallization close to
polymorphic process. The chemical contributionsc vanish-
ing with the composition differenceacross the amorphous

FIG. 6. Schematic Gibbs free energies of a supercooled liqui
the Zr41Ti14Cu12.5Ni10Be22.5 alloy, two decomposed amorphou
phases, and two crystalline compounds.
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and crystalline compound interface decreases, the structural
contributionss also decreases because of the similar lo
structure across the interface. Thus the nucleation barrier
nificantly decreases after the phase separation in MG, an
nucleation probability for the formation of the compounds
the decomposed phases increases compared to that i
initial MG. The phase separation may also give rise to
greatly decreased viscosity of the supercooled liquid
then increases the mobility of the atoms in the melt.36 Mean-
while, the interfaces induced by decomposition promote
nucleation of the crystalline phases by providing the nu
ation sites. So, the crystallization path through preceding
composition is kinetically favored in the MG. The pha
separation affects the subsequent crystallization by prom
ing the nucleation and decreasing the thermal stability of
MG. The existence of the phase separation tendency in
MG also reflects the large composition and local struct
difference between the MG and its corresponding crystal
compounds.

V. CONCLUSION

Electron-diffraction analysis of th
Zr41Ti14Cu12.5Ni10Be22.5 MG as well as the decompositio
and crystallization in the MG were performed. The MG
found to have a highly dense random-packed struct
al
sig-
the

in
the
a

nd

he
le-
de-
e
ot-

the
the
re
ne

is
re,

which makes the redistribution of atoms on a large ran
scale extremely difficult in the supercooled liquid state. T
large changes inG(r ) between the MG and its crystallize
state demonstrate that the MG has a local structure that is
away from its corresponding crystalline compounds: t
crystallization directly from the initial MG needs large sca
range diffusion of the constituent atoms. The two microstru
tural characteristics of the MG, which are distinct from th
conventional MG, retard the crystallization by suppressi
nucleation and growth of the crystalline phase, and then l
to large GFA and wide SLR of the alloy. The phase sepa
tion in the supercooled liquid state is accompanied by a m
jor structural rearrangement. The decomposed amorph
phases have close compositions and local structures to
respective crystalline compounds and exhibit a high nuc
ation rate in crystallization compared to that of the MG. T
decomposition affects the subsequent crystallization by p
moting the nucleation and destabilizing the thermal stabi
of the MG.
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