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Phase transformation in a Zr41Ti 14Cu12.5Ni10Be22.5 bulk amorphous alloy
upon crystallization
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The phase precipitation, evolution, and transformation of the Zr41Ti14Cu12.5Ni10Be22.5 bulk amorphous alloy
~BAA ! are investigated upon prolonged annealing by means ofin situ neutron diffraction, x-ray diffraction, and
acoustic measurements. Icosahedral quasicrystalline~I phase!, Be2Zr ~hex, a50.38 nm, c50.32 nm), and
Laves phase ZrTiNi are observed at the first crystallization step. TheI phase and Be2Zr phases transfer into
stable crystalline phases at higher temperatures. The phase transitions induce marked microstructural and
properties changes. The relation between the first precipitation of the temporary phases and the local micro-
structures of BAA is discussed. The precipitation of theI phase is suggested to be a structural heredity of the
local icosahedral short-range order of BAA. The fundamental structural discontinuity between the crystalline
and amorphous states results in an excellent glass forming ability and a high stability of the glass-forming
alloy.

DOI: 10.1103/PhysRevB.66.104205 PACS number~s!: 61.43.Dq, 65.40.De, 81.05.Kf
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I. INTRODUCTION

Understanding the structure of amorphous alloy has b
a fundamental, unsolved problem in physical and mate
sciences. The best approach so far, though far from comp
is to describe the amorphous alloy as a dense packin
tetrahedral building blocks. Finding a simple structural d
scription of the amorphous alloy is a persistent challenge
condensed-matter science. Due to the small size~below the
critical size for nucleation! and random orientation of th
building block of the amorphous solid, the structure has
mained experimentally inaccessible owing to the unavo
able averaging involved in scattering experiments, which
determine only the isotropic radial distribution function. As
consequence, the structure of amorphous alloys so far
mainly been studied by simulation.1–6 Simulation has con-
cluded that the face-centered-cubic structure of many c
talline solids maximizes the long-range density of clos
packed spheres, and polytetrahedral packing, e.g., icos
dral packing, can maximize the short-range density o
structure.1 It was reported recently that7,8 the icosahedra
short-range order~ISRO! is dominant in some actual amo
phous alloys and even in monoatomic metallic liquids. Th
results have provided a better microscopic understandin
the amorphous structure, and shed light on amorphous a
formation, melting, and supercooling. The recently dev
oped bulk amorphous alloys~BAA’s ! with a high thermal
stability against crystallization have offered the possibility
investigating the crystalline nucleation and growth in am
phous alloys on a long-time scale and controlled manner9,10

Owing to hereditable relationship between the precipita
crystalline phases of the BAA and ISRO, the study of ph
precipitation and evolution during crystallization has beco
a promising route toward the understanding the microstr
ture of the BAA. However, the relation between the prima
0163-1829/2002/66~10!/104205~5!/$20.00 66 1042
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precipitation phase and short-range order has scarcely
studied, and the correlation between the microstructure
excellent glass-forming ability~GFA! of the BAA is still un-
clear. The primary crystallization process of amorphous
loys is not only the intermediate state on the path to the fi
state, but it could be the key to understanding the crysta
zation behavior. The properties of the temporary metasta
phase can determine the subsequent growth morphology
mechanical properties. In addition, an investigation of
crystallization process is also of important for evaluating
glass-forming ability of the melts and the thermal stability
amorphous alloys. However, the crystallization process
the BAA’s is very complex due to the influence of the com
plicated diffusion fluxes affected by the diffusional asymm
tries among the different species. Even though the cryst
zation has been studied to a large extent, much work
needs to be done for the understanding of devitrification
phase evolution. In this work, the crystallization and pha
evolution of the Zr41Ti14Cu12.5Ni10Be22.5 BAA are investi-
gated byin situ neutron diffraction, x-ray diffraction~XRD!,
and acoustic measurement. Our results provide evidence
the precipitation of a detectable icosahedral quasicrystal
phase~I phase! out of the supercooled liquid upon annealin
near the calorimetric crystallization temperature in the BA
The formed quasicrystal decomposes into several interme
lic compounds after prolonged annealing at high tempe
ture. The density and acoustic measurements were perfor
to monitor the properties change during the structural evo
tion and transformation. The correlation between the fi
precipitation phases and the local microstructures is
cussed. The results provide useful information for an und
standing of the microstructure, the devitrification, and t
properties of the excellent glass-forming alloy.

II. EXPERIMENTS

Zr41Ti14Cu12.5Ni10Be22.5 BAA was prepared by wate
quenching method in a rod of 12-mm diameter; the details
©2002 The American Physical Society05-1
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the experimental procedure can be seen in Refs. 11 and
The amorphous nature and homogeneity of the alloys w
ascertained with XRL, differential scanning calorimetrica
~DSC!, and small-angle neutron scattering.11 The glass tran-
sition temperatureTg , crystallization temperatureTx , and
supercooled liquid regionDT5Tx2Tg of the as-prepared
BAA are 625, 695, and 70 K, respectively.11 The sample rod
was machined down to 10 mm in diameter and cut to
length of 1021 mm for ultrasonic measurements; by grindin
off the outer surface, any possible oxide materials from
quartz tube container were removed. The content was c
fully checked by chemical analysis. Each end of the cylin
was polished flat and parallel. The rod sample was stepw
isothermally annealed at various temperatures in a vac
of 1023 Pa. To ensure the same thermal history the sp
mens were annealed up to the desired temperature usi
rate of about 10 K/min, and kept in at this temperature fo
hs. After that the sample was cooled down to room tempe
ture quickly to keep the microstructure characteristics. Af
each annealing, the acoustic velocities and density were m
sured. The acoustic velocities were measured at room t
perature by using a pulse echo overlap method.13 The exci-
tation and detection of the ultrasonic pulses were provi
by X- or Y-cut ~for longitudinal and transverse waves, respe
tively! quartz transducers. The ultrasonic wave are exc
by the transducer, reflected from the opposite end of
BMG rod, and detected by the same transducer. The tr
time of ultrasonic waves propagating through the sam
with a 10-MHz frequency was measured using a MATE
6600 ultrasonic system with a measuring sensitive of 0.5
This system is capable of resolution of the velocity chan
to one part in 105, and particularly well suitable to determ
nation of changes in velocity.13 The ultrasonic velocities
measurement was calibrated by the known materials, suc
oxide glasses.13 The densityr was measured by the Arch
median principle with the accuracy of 0.005 g/cm3. The elas-
tic constants e.g. bulk modulusK, and shear modulusG are
derived from the acoustic velocities and density using c
ventional relations.13 The error value for acoustic velocitie
are 1%,13 and the derived values of elastic constants are
timated to be about 3%. Thein situ neutron powder diffrac-
tion measurements were carried out on the mediu
resolution powder diffractometer at the Australian Nucle
Science and Technology Organization, Lucas Heights La
ratory, using a neutron wavelength of 1.6646 Å. During t
in situ studies, a cylinder sample of 12 mm in diameter a
20 mm high was held in the center of the neutron beam
flushed with argon gas in a medium-temperature furna
The annealing temperature of the sample was stepped u
873 K with a 5-h hold at each of the selected temperatu
based on the DSC measurements.11 Neutron-diffraction pat-
terns were collected in the form of repeated scans of
duration from 0° to 138° 2u in 0.1° steps during the entir
annealing experiment. XRD was conducted using a M
M03 XHF diffractometer with CuKa radiation.

III. RESULTS AND DISCUSSIONS

The phase sequence during the crystallization studied
in situ neutron diffraction is shown in Fig. 1~a!. The BAA
10420
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remains in an amorphous state in the lower temperature u
623 K indicated by the diffused peaks observed from
corresponding diffraction patterns. At 673 K, some broa
ened peaks start to emerge on the amorphous diffused
at around;40°, indicating the nucleation and formation o
nanosized crystalline particles. The reflections become
nificantly sharpened and more peaks appear at higher s
tering angles at 698 K~near calorimetricTx), and the process
continues at higher temperatures up to about 723 K, sugg
ing that the first crystallization step is accompanied by
intensified growth of crystalline phases at this temperat
range. A remarkable change in the feature of the diffract
patterns can be observed at 773–823 K@shown in Fig. 1~b!#
with some peaks disappearing and some new peaks em
ing, indicating a phase transition at this temperature ran
The indexing of the reflection positions and the prelimina
refinements of the intensities of the peaks in the diffract
patterns suggest that there are mainly three phases coex
in the range of 675–698 K corresponding to the first crys
lization step, i.e., theI phase, the Be2Zr phase ~hex, a
50.38 nm,c50.32 nm), and a MgZn2 type of Laves phase
ZrTiNi ( a50.52 nm,c50.85 nm); whereas at the appare
phase transition temperature~773 K! and above, the ZrTiNi
Laves phase still remains, but the other two phases h

FIG. 1. ~a! In situ neutron diffraction patterns of the BAA upo
various annealing temperatures~only one pattern for each tempera
ture is displayed in the figure!. ~b! The identified precipitated phase
in the neutron scattering patterns of the BAA at 723 and 873 K
5-2
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disappeared, replaced by a significant amount of Zr2Cu
phase~tetragonal,a50.32 nm,c51.14 nm), a small amoun
of Zr2Ni phase, beryllium alloys most likely in the form o
BeNi and other unidentified phases. It could be noted t
there is an obvious temperature and time lag between
first emergence of the ZrBe2 phase, the ZrTiNi Laves phase
and that of theI phases. The peaks for theI phase first appea
at 675 K, whereas those of the ZrBe2 and ZrTiNi phases
appear only at later time of 698 K, indicating that the fi
crystallization step has proceeded in sequence for diffe
phases. The basic~100 000! quasicrystal peak and two mino
peaks at 39.8° and 45.6° hidden between those of ZrT
peaks can be indexed for anI phase of a primitive icosahe
dral structure with a quasilattice constant of 4.875 Å, con
tent with what was observed by others.14–16As suggested by
Eckert et al.,15 this type of I phase is unstable and tends
transfer into the Zr2Cu phase at above 698 K. The observ
tions of the gradual disappearance of theI phase and the
formation of the Zr2Cu phase from ourin situ neutron-
diffraction studies confirm the metastable nature of the
Cu-basedI phase. The appearance of another intermed
phase of Be2Zr in the system and its decomposition at abo
the same temperature as that of theI phase indicate that th
Be2Zr phase may have a structural similarity between thI
phase and the hcp Be2Zr.17 The ZrTiNi Laves phase formed
during the first crystallization step appears to be a sta
crystalline phase; it accounts for nearly half of the total
flection intensity and remains relatively constant at hig
temperature. XRD patterns of the BAA~shown in Fig. 2! at
various annealing temperatures show a similar result to
of the neutron scattering. Some crystalline lines which c
respond to theI phase start to appear at 693 K and disapp
at higher temperature, confirming that quasicrystall
phases forms during the primary crystallization process an
metastable to stable crystalline phase transformation oc
during the crystallization process. Above 773 K, sharp Bra
peaks appear in the XRD pattern; several intermetallic co

FIG. 2. The XRD pattern of the BAA at annealing temperatu
shows that crystalline reflections which start to appear in 693
disappear at higher temperature, indicating thatI phases form
during the primary crystallization process, and a metastable
stable crystalline phase transformation occurs at a high anne
temperature.
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pounds Zr2Cu, Ti2Ni, Ti2Cu, and NiTiZr have been identi
fied. The result agrees well with that of other researchers9,18

The values of r, n l , and ns of the as-prepared
Zr41Ti14Cu12.5Ni10Be22.5BMG at ambient condition are 6.12
g/cm3, 5.174 km/s, and 2.47 km/s, respectively.E, G, K, and
s calculated from the acoustic data are 101.2 GPa, 37.4 G
114.1 GPa, and 0.35, respectively. The obtained elastic
are in good agreement with that of the BMG measured
different methods.9,19s characterizes the relative value of th
compressive and shear deformation of a solid. For ox
glasses, the values ofs range from 0.15 to 0.25.13,20 In con-
trast, the conventional amorphous alloys with poor GFA ha
higher value ofs(s'0.40).21 For the BAA, the value ofs
is between that of the conventional amorphous alloys
oxide glasses. On the other hand, the GFA of the BAA~the
critical cooling rate ranges from 1 to 10 K/s~Ref. 9!! is much
better than that of the conventional amorphous alloys
approaches that of the oxide glasses~less than 1 K/s!. The
glass with small value ofs has a higher GFA, indicating tha
the GFA may have a correlation with the value ofs ~which is
close related to microstructure! in a glass-forming system
For conventional amorphous alloys,K/G is about 5.0,21

while theK/G of the Zr-based BMG is 3.0.G represents the
strength of the atomic interaction in a solid; the relative
larger values ofG for the BAA means that the bond angle o
the structure of the BMG cannot be changed easily. For
value of the Young’s modulusE, the tensile fracture strengt
s f can be estimated,22 i.e., s f'E/50; the estimated value o
s f is about 2000 MPa, indicating that the BAA exhibits
remarkably high fracture strength.

Figures 3~a! and 3~b! exhibit the changes ofr, longitudi-
nal velocityn l , transverse velocityns , and elastic constant
of the BAA upon annealing. As shown in Fig. 3~a!, r in-
creases slightly below calorimetricTg , and a significant in-
crease occurs nearTg , and it reaches a maximum betwee
Tg and Tx , indicating that larger volume change accomp
nies the glass transition. The density shows a continu
decrease starting at 693 K~near calorimetricTx), obviously
as a result of the precipitation of theI phase and other crys
talline phases. The changes ofn l and ns upon annealing
shows a similar trend. A rapid increase in bothn l andns near
Tg is a result of the glass transition, and a minimum nearTx
corresponds roughly to the formation temperature of
metastable phase. At above 728 K the velocities incre
rapidly again upon increasing temperature correspondin
the metastable to stable phase transformation observed
ing the crystallization process.ns has much larger relative
change accompanying the phase transition in the crystal
tion process. The nature of the chemical bond determines
microstructure of a solid. The difference in the microstru
ture will influence the mechanical properties of a solid,
sulting in a variation of the acoustic parameters. Therefo
the rapid changes of density and acoustic properties fur
confirm a drastic microstructural change during the gl
transition and metastable phases to stable crystalline p
transformation. The transitions impose large physical effe
on the acoustic measurements, because the acoustic pr
ties are very sensitive to the structural change. The g
transition, precipitation, andI phase to stable crystallin
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phase transformations have also been reflected in rela
variations of the elastic constantsG, E, K, ands upon an-
nealing, as shown in Fig. 3~b!. G, E, K, ands have all shown
changes during transformations.G andE, which have close
relations to the nature of the chemical bond, show a sim
change trend with that ofns , and exhibit a significant in-
crease nearTg , a steep decrease nearTx , and a marked
increase after 723 K, consistent with the observed three t
sitions, respectively. The relative ofns andG changes com-
pared to the as-prepared amorphous state for the glass
sition are 13.5% and 26%, respectively; for the metastabl
stable phase transition they are 8% and 17% respectiv
The large relative changes ofns and G indicate that pro-
nounced transverse phonon stiffness relative to the gla
state is associated with theI phase to stable intermetalli
phase transition.K ands show different change trends from
those ofG andE, but they clearly show kinks correspondin
to the three transformations during the crystallization.

The metastableI phase was also observed in the first s
of crystallization of the Zr-, Hf-, Fe-, and Pd-based BAAs;

FIG. 3. ~a! The variation of the density, the relative longitudina
and transverse velocity changes with temperature, (n5n l ,ns), n is
normalized byDn/n05(n2n0)/n0 , wheren0 is an normal velocity
for as-prepared BAA. (Tg , Tx , and for metastable to stable pha
transition temperatureTM are indicated in the figure!. ~b! The rela-
tive changesD Y/Y05(Y2Y0)/Y0 of variation ofE, G, K ands ~Y
stands forG, E, K, and s; Y0 stands for these in an as-prepar
state! with temperature for as-prepared BAA.Tg , Tx , andTM are
indicated.
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an elevated temperature the quasicrystals transform
stable compounds.14–17 Our result provides evidence of th
precipitation of detectableI-phase clusters out of the supe
cooled liquid upon annealing near the calorimetricTx in the
most studied Zr41Ti14Cu12.5Ni10Be22.5 BAA. The temporary
formed quasicrystal decomposes into several intermeta
compounds after prolonged annealing at high temperat
The precipitationI phase almost is ubiquitous in the first ste
of the crystallization of the developed BAAs.14–17Questions
are therefore raised: What is the relation between the prec
tation of the I phase and the microstructure? How is th
phenomenon correlated with the excellent GFA of an allo
We infer that the precipitation of theI phase is a structura
heredity of the local structure of the BAA. This suggests th
ISRO should have existed in the as-prepared amorphou
loy. The existence of ISRO therefore provides seeds for
precipitation of the I phase and the quasicrystallinelik
ZrBe2 phase. It is found that the activation energy for nuc
ation of theI phase is smaller than that for crystallization
the ISRO, undercooling, analyzed with the classic nuclea
theory.23 Simulation with a pair potential concluded th
ISRO is dominant in the undercooled alloys.1 Chen and
Spaepen7 demonstrated that the AlMn amorphous alloy h
an ISRO structure. Reichertet al.8 even found direct evi-
dence of the ISRO in a liquid Pd. All this means that t
ISRO is actually one of popular building blocks in co
densed matter.

The stoichiometry of many quasicrystalline phases is g
erned by the Hume-Rothery rule,24,25placing the Fermi level
into a minimum of the electronic density of states. That is
quasicrystalline state is stabilized when the number of c
ductive electrons per atom (e/a) is such that the Fermi sur
face is located in the vicinity of the pseudo-Brillouin-zon
boundary. In such a case,kp'2kf , wherekf is the momen-
tum of electron at the Fermi level andkp is the width of the
pseudo-Brillouin-zone. It is interesting to reveal that if th
Hume-Rothery nature can be brought forward for the b
amorphous alloy. To do this, it is assumed that the am
phous alloy has a spherelike Fermi surface, which will tou
the spherelike pseudo-Brillouin-zone boundaries in
direction.26 The zone of a Fermi radius with a charge ofe/a
can roughly be described by a free-electron model,kf
5(3p2N)1/3, whereN is the valence electron concentratio
per unit volume and can be calculated as.27,28 N5(e/a)
3(Ar/M ). Here r is the density of the BAA,A is the
Avogadro constant, andM is the average atomic weight. B
using the valence electron contributions proposed by Ma
et al.29 with 1.1 for Zr,21 for Ni, 11 for Cu, 1.1 for Ti, and
2 for Be, the averagee/a of the BAA is calculated as 1.08
andkf512.5 nm21. These result in a pseudo-Brillouin zon
of the BAA as ofkp'2kf525.0 nm21. Based on anin situ
neutron-diffraction observation, the diffused scattering pe
of the BAA and the strongest characteristic scattering p
~110 000! of the precipitation quasicrystals is located at abo
kp526.0 andkp525.8 nm21, respectively~the reciprocal
vector defining bisecting faces of the Brillouin zone corr
sponds to the sharpest diffraction peak in diffraction patter
kp54p sinu/l). The calculated value is coincident well wit
the short-range order of the BAA. This indicates that t
5-4
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Zr-based BAA is a Hume-Rothery phase satisfying the re
tion kp'2kf , and strongly related to the quasicrystallin
phase in its electronic structure. The authors of Ref. 27 fo
that the composition which has the best GFA in t
ZrAlNiCu quaternary phase diagram fall in a constante/a
area similar to thee/a constant theory found in quasicrysta
line systems.24,25 Nagel and Tauc28 also reported that othe
amorphous phases could be stabilized when they w
Hume-Rothery phases. The similarity of the amorpho
phase and theI phase in an electric structure leads to a spe
lation that a similarity also exists in their atomic structure
The initial precipitation of theI phase and its similar electri
structure with that of the BAA indicates the existence
ISRO in the local atomic configuration of the BAA. Thi
suggestion would provide a reasonable explanation to
excellent GFA of the BAA. Conventional amorphous allo
with a poor GFA have corresponding crystalline compoun
similar to the amorphous alloys in their local structures a
compositions.2 For these alloys, the cooling rate has been
most important factor in inhibiting the nucleation and grow
of the competing crystalline phases. For the BAA, howev
the critical cooling rate has been much lower, and their lo
microstructural characterization therefore becomes a deci
factor for its glass-forming ability. The ISRO in the amo
phous state would provide an additional barrier for the nuc
ation of the crystalline phases, since theI phase, with five-
fold rotational symmetry, would be incompatible with th
translational symmetry of normal crystalline phases; it has
be dissociated before the solidification of the crystalli
phases could occur. From a kinetic point of view, the cr
tallization of the BAA requires a substantial redistribution
the component elements across the icosahedral liquid.
d

n

e

r

d
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highly dense, randomly packed, structure of the BAA in i
supercooled state results in an extremely slow atom
mobility.30 Thus it makes the redistribution of atoms on
large range scale very difficult. This fundamental structur
discontinuity between the crystalline and the amorpho
state suppresses the nucleation and growth of the crystal
phase from the supercooled liquid and results in an excell
GFA.

IV. CONCLUSIONS

The crystallization of the Zr41Ti14Cu12.5Ni10Be22.5 BAA,
characterized by a detectable precipitation of a metasta
quasicrystalline phase at the first crystallization step, and
a further transition to stable crystalline phases at high te
perature, accompanied by induced microstructural and pr
erty changes, has been observed. A Brillouin-zone analy
applying a free-electron model, indicates the Zr-based BA
is a Hume-Rothery phase satisfying the relationkp'2kf ,
and has an electron structure similar to that of theI phase.
The precipitation of theI phase is suggested to be a structur
heredity of ISRO. The fundamental structural discontinui
between the crystalline and amorphous states results in
excellent glass-forming ability of the glass-forming alloy.
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