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We find that a family of CeAlNiCu alloy system can be readily cast into bulk glassy rods with up to 3 mm
diameter. The Ce-based bulk metallic glasses(BMG’s) exhibit a wide supercooled region up to 78 K, very low
glass transition temperaturesTg=359 Kd, and Debye temperaturesuD=144 Kd. The glass formation, crystalli-
zation, glass transition, liquid behavior, and elastic and acoustic properties of the CeAlNiCu alloys are inves-
tigated. Ultrasonic measurements demonstrate that the Ce-based BMG’s are the softest in elastic moduli in
known BMG’s due to their very low glass transition temperature. The fragility parametersmd is determined to
be 21, indicating the strong liquid behavior of the alloy concerning the temperature dependence of viscosity. A
remarkable large softening of long-wavelength acoustic phonons in the BMG relative to its crystalline state is
observed, and the phonon softening is attributed to its intrinsic microstructural features and strong liquid
behavior.
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I. INTRODUCTION

In the past decades, a series of metallic alloys formed at a
critical cooling rate of less than 100 K/s in the bulk via
conventional casting have been discovered.1,2 The family of
metallic glasses with unique mechanical properties and the
ease of moldinglike polymers has promise for applications
such as new structural materials.1,2 In fact, the bulk metallic
glasses(BMG’s) based on conventional transition metals
such as Zr, Fe, Ni, Co, Ti, Mg, and Cu are being mainly
developed for potential applications as engineering
materials.1,2 The rare-earth(RE) based BMG’s, however,
could have potentials for application as functional
materials.2–5 Cerium is a typical and most abundant RE metal
on earth.6 One of the intrinsic features of Ce is its variable
electronic structure and dual valency states, because of
which only small amount of energy is required to change the
relative occupancy of the electronic levels. For example,
when Ce is subjected to high pressure or low temperatures a
volume change of approximately 10% results.6 Therefore the
structural and physical properties of the Ce-based BMG’s
could have characteristics which are different from those of
other known BMG’s.

The efforts in the past to understand the puzzle of the
glass transition and relaxation had mostly been connected
with chainlike or network forming substances.7,8 Amorphous
alloys are the paradigm of a dense random packing structure,
and they are comparable to a hard-sphere system, rather eas-
ily describable in contrast to inorganic, nonmetallic glass
formers and organic polymers.7,8 The BMG’s with obvious
glass transition and stable supercooled liquid state are an
ideal system for investigating supercooled liquid state with a
large experimentally accessible time and temperature win-
dow. As an effective way to evaluate the relaxation dynamics
of supercooled liquids, the concept of fragility was intro-
duced by Angell.7,8 In fact, the fragility parameter,m is not
only a general dynamic parameter, but also a sensitive pa-
rameter to the structure of the glass-forming liquid. How-
ever, what structural information that the fragility parameter
suggests and the relation between the structure and the fra-

gility parameter of the studied glass-forming system have
less been studied in BMG’s.

In this work, a family of Ce-based BMG’s with excellent
glass-forming ability(GFA) is developed. The glass forma-
tion, crystallization, glass transition, liquid behavior, and
elastic and acoustic properties of the alloys are investigated.
The key temperatures( Tg, Kauzmann temperatureTK,
Vogel-Fulcher temperatureT0) and fragility parametersmd,
which are often used to characterize vitrification and proper-
ties of a supercooled liquid or a glass, are determined for the
typical Ce-based BMG. The BMG is found to show strong
liquid behavior concerning its temperature dependence of
viscosity. The elastic constants, measured by the ultrasonic
technique, are of the lowest values in known BMG’s and are
comparable with those of polymers and other nonmetallic
glasses, showing that the Ce-based BMG’s are the softest in
elastic moduli among metallic glasses. Moreover, a remark-
able softening in elastic behavior of phonons of the BMG
relative to its crystallized state has been observed which are
mainly attributed to the intrinsic glassy structure and strong
liquid behavior of the Ce-based alloys.

II. EXPERIMENTAL

The Ce-Ni-Al-Cu alloys with nominal compositions listed
in Table I were prepared by arc melting pure Cu, Ni, Al, and
Nb with industrial pure Ce in a Ti-gettered argon atmo-
sphere. The purity of Ce was only about 99.5 wt.%, which
was much lower than that of other base elements of BMG’s.
The alloy ingots were remelted and suck cast into a Cu mold
to get cylindrical rods in different diameters. The structure of
the as-cast alloys was ascertained by x-ray diffraction(XRD)
using a MAC M03 XHF diffractometer with CuKa radia-
tion. The differential scanning calorimeter(DSC) measure-
ments were carried out under a purified argon atmosphere in
a Perkin Elmer DSC7 at the heating rate,f, ranging from 2
to 200 K/min. Calorimeter was calibrated for temperature
and energy at various heating rates with high purity indium
and zinc. First, an empty Al pan was performed to establish

PHYSICAL REVIEW B 70, 224208(2004)

1098-0121/2004/70(22)/224208(7)/$22.50 ©2004 The American Physical Society224208-1



a baseline, and then the same Al pan including the sample
was carried out again at the identical thermal condition. The
values of theTg, and the onset temperature for crystallization
peak sTxd were determined from the DSC traces with the
accuracy of ±1 K. The annealing experiments for the
Ce-based BMG’s were performed in vacuum chamber(better
than 10−3 Pa) at a temperature 100 K above crystallization
temperature for 1 h.

The acoustic velocities of the Ce-based alloys were mea-
sured using a pulse echo overlap method by a MATEC 6600
model ultrasonic system with a measuring sensitivity of
0.5 ns.9 The sample rod was cut to a length of about 6 mm,
and its ends were carefully polished flat and parallel. The
excitation and detection of the ultrasonic pulses were pro-
vided byX- or Y-cut (for longitudinal and transverse waves,
respectively) quartz transducers. The densityr was deter-
mined by the Archimedean technique and the accuracy lies
within 0.1%. Elastic constants(e.g., the Young’s modulusE,
the shear modulusG, and the bulk modulusK) and the De-
bye temperatureuD were derived from the acoustic velocities
and the density.9

III. RESULTS AND DISCUSSIONS

A. Formation of Ce-based BMG’s

Figure 1(a) shows the XRD pattern of a typical as-cast
Ce60Al10Ni10Cu20 BMG in cylinder-shaped rod with diam-
eter of 1 mm. The XRD curve shows the broad diffraction
maximum characteristic of amorphous structure and without
any clearly visible diffraction peaks corresponding to crys-
talline phases. With the composition modification, the BMG
rods such as Ce70Al10Ni10Cu10 extend to 3 mm in diameter.
If more components such as Nb are introduced, the BMG rod
can be further extended to 5 mm. Figure 1(b) is the DSC
trace of the Ce60Al10Ni10Cu20 BMG at a heating rate of
10 K/min. The crystallization process is single exothermic
reaction. The remarkable features of the trace are an obvious
endothermic characteristic before crystallization indicating
an obvious glass transition onset at 373 K and a large super-
cooled liquid regionDT sDT=Tx−Tgd of 53 K. From the
endothermic signal of the melting[Fig. 1(c)], one can see

that the composition of the alloy is not near eutectic compo-
sition point. TheTx, melting temperatureTm, and liquidus
temperaturesTl are determined to be 427, 649, and 677 K,
respectively. The reduced glass transition temperatureTRG
sTRG=Tg/Tmd,10 and g value fg=Tx/ sTg+Tld11g, which are
critical parameters in determining the GFA of an alloy, are
0.57 and 0.406, respectively. The distinct glass transition and
sharp crystallization and large values ofTRG and g further
confirm the glassy structure and highly GFA of the Ce-based
alloy. For comparison, the thermal parameters and the pa-
rameters in determining the GFA of the Ce-based BMG and
other typical BMG’s(Ref. 4 and 12–14) are listed in Table I.
Compared with the other typical BMG’s, such as
Zr41.2Ti13.8Cu112.5Ni10Be22.5 and PdCuNiP alloys, the
Ce-based BMG’s have moderate high GFA but much lower
Tg and Tm. According to the glass formation criteria,1,2 the
sufficient atomic radius differences among Ce(atomic ra-
dius, r =1.82 Å), Al sr =1.43 Åd, Ni sr =1.25 Åd, and Cusr
=1.28 Åd,15 the larger negative heat of mixing between Ce
and other components[e.g., for Ce-Ni, the heat of mixing is
−43 KJ/mol( Ref. 16)], and multi-component result in the
excellent GFA.

The CeNiAlCu alloys can be cast into BMG in a large
composition range. Figure 2 shows the DSC results of the

TABLE I. The values of theTg, Tx, Tm, Tl, g, TRG, and the critical diameters of fully amorphous rod of
the Ce-based BMG’s. The data for other typical BMG’s adopted from Refs. 12–14, are also listed for
comparison.

Alloy system Critical diametersmmd Tg sKd Tx sKd Tm sKd TlsKd DT sKd TRG g

Ce60Al10Ni10Cu20 1 373 426 649 677 53 0.57 0.406

Ce70Al10Ni10Cu10 3 359 377 639 714 18 0.56 0.351

Ce65Al12.5Ni12.5Cu10 3 371 402 644 709 31 0.58 0.372

Ce60Al15Ni15Cu10 3 390 468 644 685 78 0.61 0.435

Ce65Al10Ni10Cu10Nb5 5 359 384 637 702 25 0.56 0.362

Ce57Al10Ni12.5Cu15.5Nb5 2 369 415 638 677 46 0.58 0.397

Zr65Al7.5Cu17.5Ni10 656 735 1108 1168 79 0.59 0.403

Zr41.2Ti13.8Cu12.5Ni10Be22.5 623 672 932 996 49 0.67 0.415

Pd40Ni10Cu30P20 575 670 804 840 95 0.72 0.473

FIG. 1. (a) XRD patterns of the as-cast Ce60Al10Ni10Cu20 alloy.
(b) DSC trace of crystallization and glass transition processes.(c)
Melting process of the Ce60Al10Ni10Cu20 alloy.
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BMG’s with different compositions and critical diameters.
The crystallization process of these BMG’s is sensitive to the
composition as shown in Fig. 2. With composition modifica-
tion, theTg of the Ce70Al10Ni10Cu10 BMG can be as low as
359 K, which is the lowest value in known BMG’s. The
Ce60Al15Ni15Cu10 alloy has the highestTg=390 K, the larg-
estDTx=78 K, the largestTRG, (0.61) andg (0.435) among
the Ce-based BMG’s. The addition of Nb can increase the
critical diameter of the BMG, and further decreaseTg and
increaseDT of the alloys. From Table I, theTRG, g, and the
GFA (represented by critical diameter) do not show the same
trend as other BMG’s do.11,12

E, G, K, and uD of the representative Ce70Al10Ni10Cu10
BMG, obtained from acoustic measurements, are 30.3, 11.5,
and 27.0 GPa and 144 K, respectively. To our best knowl-
edge, these are the lowest elastic constants among metallic
glasses so far. The elastic values are comparable to those of
amorphous carbon and oxides fused quartz, and close to
those of polymers listed in Table II, indicating that the
BMG’s exhibit elastic properties similar to those of nonme-
tallic glasses, and have much softer elastic constants than
those of other BMG’s.17,18The softer behavior in elastic con-
stants compared to other BMG’s may be due to the low glass
transition temperature of the alloys, because the elastic
moduli have been found to have correlation with the glass
transition temperature in various BMG’s.17

B. Crystallization of the Ce-based BMG’s

Crystallization studies of the metallic glasses are of im-
portance in understanding the mechanism of phase transfor-
mations far from equilibrium and in evaluating the GFA of
an alloy. Figure 3 shows the DSC curves of the
Ce60Al10Ni10Cu20 BMG at different heating rates. The crys-
tallization peak shifts to higher temperature with increasing
heating rate as shown in Fig. 3, indicating the obvious ki-
netic behavior of crystallization. Figure 4 shows the depen-
dence of theTg, Tx, andDTx uponf at different heating rates
from 2 to 200 K/min. TheTg, Tx, andDTx increase faster at
low heating rates and show similar tendency uponf. The
crystallization kinetics of the BMG is evaluated using Kiss-
inger’s equation19

ln
T2

f
=

Ea

T
+ ln

Ea

kBK0
, s1d

whereT is the crystallization characteristic temperature,kB is
Boltzman constant,K0 is the frequency factor, andEa is the
apparent activation energy. The Kissinger plot of theTx is
shown in the inset of Fig. 3. The values ofEa andK0 of the
crystallization obtained from the Kissinger method are
1.33 eV and 1.8731013 s−1, respectively. The activation en-
ergy can be interpreted as the additional energy that an atom
must acquire in order to be a part of the activated cluster.19,20

FIG. 2. DSC traces of the Ce-based BMG’s with different com-
positions and critical diameters.

TABLE II. The acoustic data and elastic constants(e.g.,E,G, K, ands) anduD for the Ce70Al10Ni10Cu10

BMG, amorphous carbon, nonmetallic glasses, and Zr41Ti14Cu12.5Ni10Be22.5 BMG. The data for other glasses
are adopted from Refs. 16 and 17.

Glasses r sg/cm3d Vl skm/sd Vs skm/sd E sGPad G sGPad K sGPad s uD sKd

Ce70Al10Ni10Cu10 6.670 2.521 1.315 30.3 11.5 27.0 0.313 144

Amorphous carbon 1.56 3.88 2.407 21.4 9.01 11.4 0.187 338

Nylon 4.0 1.43 6.54 0.40

Polypropylene 4.13 1.54 4.37 0.34

Polyethylene 2.55 0.91 4.54 0.41

Fused quartz 2.201 5.96 3.75 72.7 31.0 36.9 0.17 496

Zr41Ti14Cu12.5Ni10Be22.5 6.125 5.174 2.472 101.2 37.4 114.1 0.352 327

FIG. 3. DSC traces of Ce60Al10Ni10Cu20 BMG at different heat-
ing rates from 2 to 20 K/min. The inset shows the Kissenger plot of
the Tx.
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Compared with other BMG’s,21–27the Ce-based BMG shows
fairly smaller value ofEa. Figure 5 shows a rough linear
relation betweenEa and Tx of a variety of typical BMG’s,
which presents a general trend that the BMG’s with higherTx
have largerEa. Crystallization takes place when the atoms
have enough additional energy to become a part of the criti-
cal nuclei, and the conventional crystallization is induced by
thermal activation. Therefore, the higherEa needs high ther-
mally activated temperature. The smallEa should be an in-
trinsic feature of the Ce-based BMG’s which have much
lower glass transition and crystallization temperatures.

C. Glass transition and fragility of the Ce-based alloy

The unique Ce-based BMG’s should have intrinsic fea-
tures in the supercooled liquid state. The large supercooled
liquid region of the BMG offers great conveniences for in-
vestigation of the nature of the supercooled liquid in terms of
the Angell’s fragility concept.8 Figure 6 presents the depen-
dence ofTg and Tx on ln f of the Ce60Al10Ni10Cu20 BMG
from 2 to 200 K/min. Similar to crystallization, the glass
transition of the BMG also exhibits obvious kinetic behavior,
and the change ofTg upon f follows the Lasocka’s
relationship28 Tg=358.2+6.02 lnf below the heating rate of
40 K/min, while Tx shows the linear relation with lnf as

Tx=390.7+15.90 lnf almost ranging from 2 to 200 K/min.
This result suggests the different kinetic behaviors between
the glass transition and crystallization. When extrapolating
the dependence ofTg andTx down to lower heating rate, the
two curves intersect at 338 K shown in Fig. 6, which corre-
sponds to a cooling rate of about 0.035 K/min and equals
the Kauzmann temperatureTK within experimental error.29

The difference betweenTg (at 2 K/min) andTKis 31 K, and
much smaller than that of other BMG’s.30

For the BMG’s, the linear fitting using the Lasocka’s re-
lation is not so convincing in describing their behavior at
larger heating rates as shown in Fig. 6.31,32 When f is ex-
tended to above 40 K/min, the linear relationship has a dis-
tinct divergence. Therefore, we try to fit the relationship of
Tg and lnf with Vogel-Fulcher equation32

ln f = ln B −
DT0

Tg − T0
, s2d

where B is a parameter representing the time scale in the
glass-forming system ,32 D is the strength parameter in the
VFT equation, which controls how closely the liquid system
obeys the Arrhenius law, andT0 is the asymptotic value ofTg
usually approximated as the onset of the glass transition
within the limit of infinitely slow cooling and heating rate.
The best fit is shown in Fig. 7 and the fitting parameters lnB,
D, andT0 are 8.55, 0.76 and 331 K, respectively. The value
of T0 s=331 Kd is very close toTK s=338 Kd, implying that
the metastable equilibrium supercooled liquid can exist close
to TK.

The fragility concept provides a measure of the sensitivity
of the structure of a liquid to temperature changes,7,8 and can
be used to classify glass-forming liquid into three general
categories: strong, intermediate and fragile. The fragility can
be quantified by the fragility parameterm defined as33

m= Ud log ktl
dkTg/Tl

U
T=Tg

, s3d

wherektl is the average relaxation time, andT the tempera-
ture. From the VFT fit them at a particularTg can be calcu-
lated from34

FIG. 4. The dependence ofTg, Tx, and DTx of the
Ce60Al10Ni10Cu20 BMG on the heating ratef.

FIG. 5. The rough linear relation betweenEa andTx of the Ce
-, Zr-, Pd-, Fe- Cu-, Co-, and Pr-based BMG’s.

FIG. 6. The Lasocka’s relationship ofTg, Tx, and f of the
Ce60Al10Ni10Cu20 BMG in the heating rate range of 2 to
200 K/min.
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m=
DT0Tg

sTg − T0d2 ln 10
. s4d

Them of the Ce60Ni10Al10Cu20 BMG evaluated at a heat-
ing rate of 20 K/min from Eq.(4) is 21. According to An-
gell’s classification,7,8 strong liquids with an approximately
Arrhenius temperature dependence of relaxation times have
values of fragility lower than 30 with an estimated lower
limit of about 16(e.g., for oxide glass of SiO2, GeO2, etc).
Fragile liquids such as polymers and ionic melts display val-
ues of fragility above 100. The small value ofm for the
Ce-based alloy is very close to the strong limit and smaller
than that of Zr- sm=34–39d,35 La-sm<32d,35 Fe-sm

=34–37d,36 Mg-sm=41d,35 Pr-sm=31d,4 and Pd-basedsm
<41d35 BMG’s (all these m values are evaluated at
20 K/min). The small value of m demonstrates that the
Ce-based liquid belongs to the strong family being less sen-
sitive to the temperature changes and more stable than fragile
liquids.7,8 The strong liquid behavior in the Ce-based alloy
must have structural origin. Buschet al.37 have proposed
several reasons to explain why the ZrTiCuNiBe BMG-
forming alloys are stronger supercooled liquids. The struc-
tural studies of these strong liquids indicate that they possess
a relatively small amount of free volume and significant
chemical short-range ordering in the melt.37 Therefore, the
strong liquid behavior of the Ce-based alloys should come
from the much random packed liquid structure having less
free volume. Even though there is no direct connection be-
tween the value ofm and the GFA of an alloy,38 the small
value ofm and larger value ofTRG andg (see Table I) con-
firm that the Ce-based BMG can be classified into one of the
excellent metallic glass formers, whose metastable equilib-
rium supercooled liquid is fairly stable.

D. Remarkable phonons softening behavior

Table III contrasts the values ofr, vl, andvs as well as the
elastic constants anduD for the Ce70Al10Ni10Cu10 BMG,
typical Zr41Ti14Cu12.5Ni10Be22.5 BMG (vit1) and their corre-
sponding crystallized state. For comparison, the acoustic and
elastic constants of the typical Cu-based BMG and Mg-based
BMG as well as their fully crystallized states are listed in
Table III.39 The large changes invss21%d, vls13%d,

FIG. 7. VFT relationship betweenTg andf.

TABLE III. The elastic constants of the Ce70Al10Ni10Cu10 and Zr41Ti14Cu12.5Ni10Be22.5 alloys in their glassy and fully crystallized states.
The Cu- and Mg-based BMG’s with markedly different glass transition temperatures are also listed for comparison.Ya andYc stand for the
elastic constants anduD of these alloys in glassy and crystallized states, respectively. The elastic constants of the component elements in the
Ce70Al10Ni10Cu10 alloy from references, and the calculated elastic constants of the Ce70Al10Ni10Cu10 alloy based on the elastic constants of
its components are also listed.

Composition
r

sg/cm3d
Vl

skm/sd
Vs

skm/sd
E

sGPad
G

sGPad
K

sGPad
uD

sKd km2l sÅ2d

Ce70Al10Ni10Cu10 sTg=359 Kd
glassy 6.670 2.521 1.315 30.3 11.5 27.0 144 1.18

crystallized 6.711 2.884 1.590 43.5 17.0 33.2 174 0.81

sYc-Yad /Yas%d 0.6 14.4 20.9 43.6 47.8 22.9 20.8 231.4

Calculated Ce70Al10Ni10Cu10 42.9 17.5 29.1

Ce (Ref. 46) 34 14 22

Al (Ref. 46) 70 26 77

Ni (Ref. 46) 200 83 180

Cu (Ref. 46) 130 47 140

Zr41Ti14Cu12.5Ni10Be22.5 (Ref. 40) sTg=623 Kd
glassy 6.125 5.174 2.472 101.2 37.4 114.1 327 0.64

crystallized 6.192 5.446 2.807 128.7 48.8 118.6 371 0.58

sYc-Yad /Yas%d 1.1 5.2 13.5 27.2 30.3 3.9 13.4 29.4

Cu60Zr20Hf10Ti10 (Ref. 39) sTg=754 Kd
glassy 8.315 4.62 2.108 101.1 36.9 128.2 282

crystallized 8.363 4.797 2.342 123.3 45.9 131.3 312

sYc-Yad /Yas%d 0.58 3.8 11.1 22.0 24.4 2.4 10.6

Mg65Cu25Tb10 (Ref. 39) sTg=414 Kd
glassy 3.98 4.22 2.22 51.3 19.6 44.7 272.9

crystallized 4.00 4.53 2.45 62.0 24.0 50.2 300.9

sYc-Yad /Yas%d 0.5 7.3 10.3 19.9 22.4 12.3 10.2
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Es43.5%d, Gs47%d, Ks22.9%d, and uDs20.6%d and small
change inrs0.6%d between the glassy and crystallized states
for the Ce-based BMG can be seen in Table III. The remark-
ably large changes of elastic moduli in the BMG relative to
its crystallized state mean that markedly softening of long-
wavelength transverse as well as longitudinal acoustic
phonons in the BMG. However, only the markedly softening
of the transverse elastic modulus(normally ,20–35%
change inG) can be observed in amorphization process29,
and various other BMG’s.39–41Table III contrasts the relative
changes ofr, vs, G, K, anduD of the Ce70Al10Ni10Cu10 BMG
and vit1 compared with their crystallized states. For vit1,
large changes invss13.5%d, uD s13.4%d, andG s30.3%d but
much smaller changes invls5.2%d and K s3.9%d between
the two states. However, the Ce-based BMG shows substan-
tially larger softening inG, E, anduD and large softening in
K and longitudinal acoustic velocity as well. This phenom-
enon is different from that of other BMG’s.17,29This unusual
softening concerning the elastic phonons of the Ce-based
BMG may result from the intrinsic structural feature of the
Cerium base, and it could be due to the low glass transition
temperature of the alloy as well. However, Table III shows
that the vit1sTg=623 Kd, the Cu60Zr20Hf10Ti10 BMG with
higher Tg sTg=754 Kd,39 and the Mg65Cu25Tb10 BMG with
low Tg sTg=414 Kd,39 which have markedly different glass
transition temperatures, exhibit the similar softening behav-
ior. The comparison indicates that the unusual softening in
the Ce-based BMG’s mainly result from the intrinsic struc-
tural feature of the Cerium base that is of variable electronic
structure and dual valency states, and only small amount of
energy is required to change the relative occupancy of the
electronic levels.6 The small density change suggests that the
Ce-based BMG contains less density of free volume and has
more random packed microstructure compared with vit1.
This result is in good accordance with the strong liquid be-
havior concerning the temperature dependence of viscosity
of Ce-based BMG’s.37

In order to further understand the phonons softening be-
havior, the correlation between the elastic constants of the
glassy state and its pure metallic components is considered.
It has been shown that the compression of the Pd40Ni20P20
metallic glass is similar to those of crystalline nickel and
palladium,42 and that the compression curves of Zr-based
and Pd-based BMG’s have a correlation with those of their
metallic components and represent a rough average of those
for these elements, indicating that the short-range order
structure of these BMGs has a close correlation with the
atomic configurations of their metallic components.43,44 For
an alloy, its elastic constants may agree well with the calcu-
lated value expressed by the relation45,46

M−1 = o f iMi
−1, s5d

whereM denotes any elastic constants andf i is the atomic
percentage of the constituent element. The elastic constants
of the Ce, Ni, Al, and Cu components,47 the calculated elas-
tic constants of the Ce70Al10Ni10Cu10 alloy according to Eq.
(5), and experimental results of the Ce70Al10Ni10Cu10 alloy in
glass and crystallized states are also shown in Table III. The

calculated elastic constants of the Ce-based alloy are very
close to those of its crystalline state. Except forK, a large
difference between calculated and experimental values ofE,
G, ands of the BMG exists, indicating that the elastic con-
stants of the BMG should not be simply described by a rough
average of those of component elements. Therefore, the
above results further confirm that the large softening of the
Ce-based BMG is attributed to its intrinsic glassy structure.

The large elastic phonons softening behavior of the
Ce-based BMG should also have close relation with its
strong liquid behavior concerning the temperature depen-
dence of viscosity. Lamet al.29 point that the softening ofG
associates with critical static atomic displacementkml and
anharmonic vibration in a metallic glass. The softening of the
transverse elastic modulus of metallic glasses was also an-
ticipated theoretically.48 Table III shows that the phonons
softening behavior of the Ce-based BMG can also be dem-
onstrated by its largekm2l, which is related toTm anduD as49

km2l=9h2Tm/ sMkBuD
2 d. The km2l is a general measure of the

chemical and topological disorder and hence can be used as a
general disorder parameter for characterizing a glassy
solid.49 Miglio50 also found that the largerkm2l gave rise to a
lower elastic energy. As shown in Table III, the increase of
km2l in the BMG relative to its crystallized state is larger
than that of vit1, confirming the more disordered structure of
the BMG having very low elastic energy and showing soft-
ening behavior.

IV. CONCLUSIONS

The CeAlNiCu BMG system has been obtained by a con-
ventional Cu-mold cast method. The BMGs exhibit a wide
supercooled region up to 78 K, very low glass transition
temperature sTg=359 Kd and Debye temperaturesuD

=144 Kd. Ultrasonic measurements demonstrate that the
Ce-based BMG’s are the softest in elastic moduli, and the
softer behavior in elastic constants compared to other BMG’s
maybe due to the low glass transition temperature of the
Ce-based alloy.

The fragility parameter of the typical Ce60Al10Ni10Cu20
BMG obtained from the heating rate dependence of the glass
transition is 21, indicating the strong liquid behavior accord-
ing to Angell’s classification of glass forming liquids. A large
softening of acoustic phonons in the BMG relative to its
crystalline state is observed, which demonstrates that the un-
usual phonon softening of the Ce-based BMG originates
from its intrinsic microstructural features and the strong liq-
uid behavior concerning the temperature dependence of vis-
cosity.

ACKNOWLEDGMENTS

Financial support from the National Science Foundation
of China (Grants Nos. 50321101 and 50371097), Science
and Technology Department of Beijing City(Grant No.
H02040030320), and Chinesisch-Deutsches Zentrum Für
Wissenschaftsfoerderung(Grant No. GZ032/7) is acknowl-
edged. Experimental assistance from Z.F. Zhao is appreci-
ated.

ZHANG et al. PHYSICAL REVIEW B 70, 224208(2004)

224208-6



*Email address: whw@aphy.iphy.ac.cn
1W. L. Johnson, MRS Bull.24, 42 (1999); W. H. Wang, C. Dong,

and C. H. Shek, Mater. Sci. Eng., R.44, 45 (2004).
2A. Inoue, Acta Mater.48, 279 (2000).
3Z. Zhang, R. J. Wang, B. C. Wei, and W. H. Wang, Appl. Phys.

Lett. 81, 4371(2002).
4Z. F. Zhao, D. Q. Zhao, and W. H. Wang, Appl. Phys. Lett.82,

4699 (2003).
5F. Guo, and S. J. Poon, Appl. Phys. Lett.83, 2575(2003).
6Z. Q. Zheng,Rare Earth Functional Materials(Chemical Indus-

try Press, China, 2003), pp. 433–460.
7C. A. Angell, J. Non-Cryst. Solids73, 1 (1985).
8C. A. Angell, Science267, 1924(1995).
9W. H. Wang, R. J. Wang, and M. X. Pan, Appl. Phys. Lett.74,

1803 (1999); D. Schreiber,Elastic Constants and Their Mea-
surement(McGraw-Hill, New York, 1973).

10D. Turnbull, Contemp. Phys.10, 473 (1969).
11Z. P. Lu and C. T. Liu, Phys. Rev. Lett.91, 115505(2003).
12Z. P. Lu, T. T. Goh, Y. Li, and S. C. Ng., Acta Mater.47, 2215

(1999).
13T. Waniuk, J. Schroers, and W. L. Johnson, Phys. Rev. B67,

184203(2003).
14N. Nishiyama, M. Horino, and A. Inoue, Appl. Phys. Lett.76,

3914 (2000).
15O. N. Senkov and D. B. Miracle, MRS Bull.36, 2183(2001).
16F. R. de Boer, R. Boom, W. C. M. Matterns, A. R. Miedema, and

A. K. Niessen,Cohesion in Metals(North-Holland, Amsterdam,
1988).

17W. H. Wang, L. L. Li, M. X. Pan, and R. J. Wang, Phys. Rev. B
63, 052204(2001); W. H. Wang, P. Wen, and R. J. Wang, J.
Mater. Res.18, 2747(2003).

18B. Hartmann and J. Jarzynski, J. Acoust. Soc. Am.74, 1346
(1974).

19H. E. Kissinger, J. Res. Natl. Bur. Stand.57, 217 (1956).
20R. A. Ligero, J. Vázquez, P. Villares, and R. Jiménez-garay,

Mater. Lett. 8, 6 (1989).
21Z. X. Wang, D. Q. Zhao, M. X. Pan, W. H. Wang, Okada, and W.

Utsumi, J. Phys.: Condens. Matter15, 5923(2003).
22N Mitrovic, S. Roth and J. Eckert, Appl. Phys. Lett.78, 2145

(2001).
23J. M. Borrego A. Conde, S. Roth, and J. Eckert J. Appl. Phys.92,

2073(2002); J. M. Borrego, C. F. Conde, A. Conde, S. Roth, H.
Grahl, A. Ostwald, and J. Eckert, J. Appl. Phys.92, 6607
(2002).

24Y. X. Zhuang, W. H. Wang, and D. Q. Zhao, Appl. Phys. Lett.75,

2392 (1999).
25N. Nishiyama and A. Inoue, Acta Mater.47, 1487(1999).
26A. Inoue.Bulk Amorphous Alloys, Practical Characteristics and

Applications, Materials Science Foundation(Trans. Tech, Swit-
zerland), p. 6.

27Z. Li, H. Y. Bai, M. X. Pan, and W. H. Wang, J. Mater. Res.18,
2208 (2003).

28T. M. Lasocka, Mater. Sci. Eng.23, 173 (1976).
29P. R. Okamoto, N. Q. Lam and L. E. Rehn,Solid State Physics,

edited by H. Ehrenrein, and F. Spapen(Academic, San Diego,
1999), Vol. 52, pp. 1–135.

30R. Busch and W. L. Johnson, Appl. Phys. Lett.72, 2695(1998);
R. Busch, Y. J. Kim, and W. L. Johnson, J. Appl. Phys.77, 4039
(1995).

31W. H. Wang, Y. X. Zhuang, M. X. Pan, and Y. S. Yao, J. Appl.
Phys. 88, 3914(2000).

32R. Brüning and K. Samwer, Phys. Rev. B46, 11 318(1992).
33R. Böhmer and C. A. Angell, Phys. Rev. B45, 10 091(1992).
34R. Böhmer, K. L. Ngai, C. A. Angell, and D. J. Plazek, J. Chem.

Phys. 99, 4201(1993).
35D. N. Perera, J. Phys.: Condens. Matter11, 3807(1999).
36J. M. Borrego, A. Conde, S. Roth, and J. Eckert, J. Appl. Phys.

92, 2073(2002).
37R. Busch, E. Bakke and W. L. Johnson, Acta Mater.46, 4725

(1998); H. Tanaka, Phys. Rev. Lett.90, 055701(2003).
38J. M. Borrego, C. F. Conde, A. Conde, S. Roth, H. Grahl, A.

Ostwald, and J. Eckert, J. Appl. Phys.92, 6607(2002).
39W. H. Wang, B. Zhang, and R. J. Wang(unpublished); X. K. Xi,

W. H. Wang, J. Non-Cryst. Solids(to be published).
40W. H. Wang, H. Y. Bai, R. J. Wang, and D. Jin, Phys. Rev. B62,

25 (2000).
41L. E. Rehn and P. R. Okamoto, Phys. Rev. Lett.59, 2987(1987).
42E. F. Lambson, Phys. Rev. B33, 2380(1986).
43L. M. Wang and W. H. Wang, Appl. Phys. Lett.77, 3734(2000).
44W. H. Wang, M. X. Pan, and D. Q. Zhao, Appl. Phys. Lett.79,

3947 (2001).
45Z. Zhang, R. J. Wang, M. X. Pan, and W. H. Wang, J. Phys.:

Condens. Matter15, 4503(2003).
46A. Voronel and S. J. Rabinovich, J. Phys. F: Met. Phys.17, L193

(1987).
47http:// www.webelements.com
48D. Weaier, Acta Metall.19, 779 (1971).
49N. Q. Lam, L. E. Rehn, and P. R. Okamoto, MRS Bull.19, 41

(1994).
50L. Miglio, Appl. Phys. Lett. 74, 3654(1999).

PROPERTIES OF Ce-BASED BULK METALLIC GLASS-… PHYSICAL REVIEW B 70, 224208(2004)

224208-7


