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Properties of Ce-based bulk metallic glass-forming alloys
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We find that a family of CeAINiCu alloy system can be readily cast into bulk glassy rods with up to 3 mm
diameter. The Ce-based bulk metallic glas®&¥G’s) exhibit a wide supercooled region up to 78 K, very low
glass transition temperatu(@,=359 K), and Debye temperatuf@, =144 K). The glass formation, crystalli-
zation, glass transition, liquid behavior, and elastic and acoustic properties of the CeAINiCu 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 parartrejés 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 gility parameter of the studied glass-forming system have

In the past decades, a series of metallic alloys formed at ¢SS been studied in BMG's. _
critical cooling rate of less than 100 K/s in the bulk via In this work, a family of Ce-based BMG's with excellent
conventional casting have been discoverd@he family of ~ glass-forming ability GFA) is developed. The glass forma-
metallic glasses with unique mechanical properties and théon, crystallization, glass transition, liquid behavior, and
ease of moldinglike polymers has promise for applicationslastic and acoustic properties of the alloys are investigated.
such as new structural materiaiéIn fact, the bulk metallic The key temperatures Ty, Kauzmann temperaturdy,
glasses(BMG's) based on conventional transition metals Vogel-Fulcher temperatur&,) and fragility parametetm),
such as Zr, Fe, Ni, Co, Ti, Mg, and Cu are being mainlywhich are often used to characterize vitrification and proper-
developed for potential applications as engineeringies of a supercooled liquid or a glass, are determined for the
materialsi? The rare-earth(RE) based BMG's, however, typical Ce-based BMG. The BMG is found to show strong
could have potentials for application as functionalliquid behavior concerning its temperature dependence of
materials?—® Cerium is a typical and most abundant RE metalviscosity. The elastic constants, measured by the ultrasonic
on earth® One of the intrinsic features of Ce is its variable technique, are of the lowest values in known BMG'’s and are
electronic structure and dual valency states, because @bmparable with those of polymers and other nonmetallic
which only small amount of energy is required to change theglasses, showing that the Ce-based BMG’s are the softest in
relative occupancy of the electronic levels. For exampleglastic moduli among metallic glasses. Moreover, a remark-
when Ce is subjected to high pressure or low temperaturesable softening in elastic behavior of phonons of the BMG
volume change of approximately 10% res@lEherefore the relative to its crystallized state has been observed which are
structural and physical properties of the Ce-based BMG'snainly attributed to the intrinsic glassy structure and strong
could have characteristics which are different from those ofiquid behavior of the Ce-based alloys.
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 substancé$Amorphous The Ce-Ni-Al-Cu alloys with nominal compositions listed
alloys are the paradigm of a dense random packing structur@) Table | were prepared by arc melting pure Cu, Ni, Al, and
and they are comparable to a hard-sphere system, rather ed with industrial pure Ce in a Ti-gettered argon atmo-
ily describable in contrast to inorganic, nonmetallic glasssphere. The purity of Ce was only about 99.5 wt. %, which
formers and organic polymef$. The BMG’s with obvious was much lower than that of other base elements of BMG's.
glass transition and stable supercooled liquid state are ahhe alloy ingots were remelted and suck cast into a Cu mold
ideal system for investigating supercooled liquid state with &o get cylindrical rods in different diameters. The structure of
large experimentally accessible time and temperature winthe as-cast alloys was ascertained by x-ray diffractKiRD)
dow. As an effective way to evaluate the relaxation dynamicsising a MAC M03 XHF diffractometer with C« radia-
of supercooled liquids, the concept of fragility was intro- tion. The differential scanning calorimeté®@SC) measure-
duced by Angelf.® In fact, the fragility parametem is not  ments were carried out under a purified argon atmosphere in
only a general dynamic parameter, but also a sensitive pa Perkin EImer DSC7 at the heating ragk,ranging from 2
rameter to the structure of the glass-forming liquid. How-to 200 K/min. Calorimeter was calibrated for temperature
ever, what structural information that the fragility parameterand energy at various heating rates with high purity indium
suggests and the relation between the structure and the frand zinc. First, an empty Al pan was performed to establish

Il. EXPERIMENTAL
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TABLE I. The values of thely, Ty, T, Tj, 7, Tre 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 diametetmm) Ty (K) T, (K) Ty (K) T(K) AT (K) Trg v
CeoAl1gNi1oCliyg 1 373 426 649 677 53 0.57 0.406
CesoAl1Ni1oClyg 3 359 377 639 714 18 0.56 0.351
CesgAl 1o Nijo Cug 3 371 402 644 709 31 0.58 0.372
CesoAl1sNi;sClyg 3 390 468 644 685 78 0.61 0.435
CesgAl 1 gNi1oClygNbs 5 359 384 637 702 25 0.56 0.362
Ces7Al Nij, £Cuys Nbs 2 369 415 638 677 46 0.58 0.397
ZrgsAl7 Cuy7 Nigg 656 735 1108 1168 79  0.59 0.403
Zrs1 oTi138CU2 NijoBers 5 623 672 932 996 49  0.67 0.415
PdigNi1oClsgPoo 575 670 804 840 95 0.72 0.473

a baseline, and then the same Al pan including the samplhnat the composition of the alloy is not near eutectic compo-
was carried out again at the identical thermal condition. Thesition point. TheT,, melting temperaturd,, and liquidus
values of theT,, and the onset temperature for crystallizationtemperatures are determined to be 427, 649, and 677 K,
peak (T,) were determined from the DSC traces with therespectively. The reduced glass transition temperalige
accuracy of +1 K. The annealing experiments for the(Tre=Tg/Tm),*® and y value [y=T,/(Tg+T)*], which are
Ce-based BMG's were performed in vacuum Chan‘(bener critical pal’ameters in determining the GFA of an alloy, are

than 103 Pg at a temperature 100 K above crystallization 0-57 and 0.406, respectively. The distinct glass transition and
temperature for 1 h. sharp crystallization and large values B and vy further

The acoustic velocities of the Ce-based alloys were meafOnfirm the glassy structure and highly GFA of the Ce-based

: lloy. For comparison, the thermal parameters and the pa-
sured using a pulse echo overlap method by a MATEC 6608 : .
model ultrasonic system with a measuring sensitivity Oframeters in determining the GFA of the Ce-based BMG and

9 other typical BMG's(Ref. 4 and 12—1fare listed in Table I.
0.5 ns? The sample rod was cut to a length of about 6 mm’Compared with the other typical BMG's, such as

and its ends were carefully polished flat and parallel. Th . : :
excitation and detection of the ultrasonic pulses were prc%rg_lg:sggc gll\}llégslﬁoaigzzrﬁodae?gte E%Chulgl;; bﬁltl?%/a,ch ﬁgaer
vided be- or Y-cut (for longitudinal and transverse waves, T gnq T.. According to the glass formation critefid,the
respectively quartz transducers. The densjywas deter- sﬂfficient atomic radius differences among Geomic ra-
mined by the Archimedean technique and the accuracy liegjys, r=1.82 &), Al (r=1.43 &), Ni (r=1.25 A), and Cur
within 0.1%. Elastic constant@.g., the Young's moduluk, =1 28 ) 15 the larger negative heat of mixing between Ce
the shear modulug, and the bulk modulu&) and the De-  anq other components.g., for Ce-Ni, the heat of mixing is
bye temperaturé, were derived from the acoustic velocities —43 KJ/mol Ref. 16], and multi-component result in the
and the density. excellent GFA.

The CeNiAICu alloys can be cast into BMG in a large

Il RESULTS AND DISCUSSIONS composition range. Figure 2 shows the DSC results of the

i - ' T
A. Formation of Ce-based BMG's l X

Figure Xa) shows the XRD pattern of a typical as-cast TI |r !
Ce;0Al 1 Ni1Clyg 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- Temperature,(K) Temperature,(K)
talline phases. With the composition modification, the BMG
rods such as GgAl1oNi1oCuyo extend to 3 mm in diameter.

If more components such as Nb are introduced, the BMG rod MMWWNWWM
can be further extended to 5 mm. Figuréb)lis the DSC

trace of the CgAl;Ni;Cl,g BMG at a heating rate of (a)

10 K/min. The crystallization process is single exothermic 20 30 40 50 80 70 30
reaction. The remarkable features of the trace are an obvious 26 (degree)

endothermic characteristic before crystallization indicating

an obvious glass transition onset at 373 K and a large super- F|G. 1. (a) XRD patterns of the as-cast gl 10Ni;Clyg alloy.
cooled liquid regionAT (AT=T,-Ty) of 53 K. From the (b) DSC trace of crystallization and glass transition proces®ss.
endothermic signal of the melting=ig. 1(c)], one can see Melting process of the GgAl;1oNi;Clyg alloy.

Heat flow Endo
Heat flow Endo

(b)
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Intensity (arb. units)

224208-2



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

3mm Ce, Al Ni, Cu,, W
5K/min  §}
1

T

[0

N

E 1imm CesnAllemcuzo T

& . o ,

\Z./ 2m m ceFlAIﬂJNI‘IZ.Scuﬁ.SNbS -g 10K/min f

N e Y |

o | 3mm Ce, Al Ni, Cu Z |eowmn t

° - =

'5 5mm esAIwNiwcuwas g 2 10

g #‘\/ ﬁf I X e T

| 3mm ce7oAI1oNl1ocu1o T T 8 X

= q t Tx‘ - 7.

@ 21 22 23 24 2§

T 1 . . L 1000/K (K"
350 400 450 500 550 350 400 450 500 550

Temperature (K) Temperature, (K)

FIG. 2. DSC traces of the Ce-based BMG’s with different com-  FIG. 3. DSC traces of GgAloNi;Cl,o BMG at different heat-
positions and critical diameters. ing rates from 2 to 20 K/min. The inset shows the Kissenger plot of
the T,.

BMG's with different compositions and critical diameters.
The crystallization process of these BMG’s is sensitive to the o i i ]
composition as shown in Fig. 2. With composition modifica- Crystal_hzatlon studle.s of the metalhp glasses are of im-
tion, the T, of the CeAl 1oNiyClyo BMG can be as low as port_ance in understar)c_iln_g the me_chanlsm c_)f phase transfor-
359 K, which is the lowest value in known BMG’s. The mations far from equilibrium and in evaluating the GFA of
CesoAl1Ni1sCuy alloy has the highest,=390 K, the larg- @n alloy. Figure 3 shows the DSC curves of the
estAT,=78 K, the largesfgg, (0.61) and y (0.435 among ~ C&oAl10Ni10CU BMG at different heating rates. The crys-
the Ce-based BMG's. The addition of Nb can increase théallization peak shifts to higher temperature with increasing
critical diameter of the BMG, and further decreaggand ~ Neating rate as shown in Fig. 3, indicating the obvious ki-
increaseAT of the alloys. From Table I, th&gg, 7, and the netic behavior of crystallization. Flgu_re 4 shows _the depen-
GFA (represented by critical diamejato not show the same dence of thelg, T,, andAT, upon¢ at different heating rates
trend as other BMG's dé&-12 from 2 to 200 K/min. TheTy, T,, andAT, increase faster at

E, G, K, and 6, of the representative GgAl;NiyClyo low hegtin_g rates Qnd show simila_r tendency upﬁ.)nThe.
BMG, obtained from acoustic measurements, are 30.3, 11_§,rystall|zat|on kinetics of the BMG is evaluated using Kiss-
and 27.0 GPa and 144 K, respectively. To our best knowlINger's equatiof’
edge, these are the lowest elastic constants among metallic T E, E,
glasses so far. The elastic values are comparable to those of In— = T + |HW,
amorphous carbon and oxides fused quartz, and close to ¢ B0
those of polymers listed in Table IlI, indicating that the whereT is the crystallization characteristic temperatlgis
BMG's exhibit elastic properties similar to those of nonme-Boltzman constant{, is the frequency factor, ané, is the
tallic glasses, and have much softer elastic constants thapparent activation energy. The Kissinger plot of heis
those of other BMG'$7-18The softer behavior in elastic con- shown in the inset of Fig. 3. The values Bf andK, of the
stants compared to other BMG’s may be due to the low glassrystallization obtained from the Kissinger method are
transition temperature of the alloys, because the elastit.33 eV and 1.8% 10'3 s™%, respectively. The activation en-
moduli have been found to have correlation with the glasergy can be interpreted as the additional energy that an atom
transition temperature in various BMG'S. must acquire in order to be a part of the activated clU$t&Y.

B. Crystallization of the Ce-based BMG's

(1)

TABLE Il. The acoustic data and elastic constaf@g.,E,G, K, ando) and 6y for the CegAl 1gNi1Cuyg
BMG, amorphous carbon, nonmetallic glasses, angTZy,Cu;» Ni;gBe,» s BMG. The data for other glasses
are adopted from Refs. 16 and 17.

Glasses p (g/en®) V, (km/s) Vs(km/s) E(GP3 G(GPg K(GP3 o 6p(K)
CeyAl 1oNi1oClyg 6.670 2.521 1.315 30.3 11.5 270 0313 144
Amorphous carbon 1.56 3.88 2.407 21.4 9.01 114 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

Zr41Ti1Clip NiggBerns  6.125 5.174 2472 1012 374 1141 0352 327
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FIG. 4. The dependence offg, T,, and AT, of the

CesoAl 1Nz (Clipy BMG on the heating rateb. FIG. 6. The Lasocka’s relationship dfg, T,, and ¢ of the

Ce;Al NI Clpg BMG in the heating rate range of 2 to
200 K/min.

Compared with other BMG'81-?"the Ce-based BMG shows

fairly smaller value ofE,. Figure 5 shows a rough linear Tx=390.7+15.90 Inp almost ranging from 2 to 200 K/min.
relation betweerE, and T, of a variety of typical BMG's, This result suggests the different kinetic behaviors between
which presents a general trend that the BMG's with higher the glass transition and crystallization. When extrapolating
have largerE,. Crystallization takes place when the atomsthe dependence df; and T, down to lower heating rate, the
have enough additional energy to become a part of the crititwo curves intersect at 338 K shown in Fig. 6, which corre-
cal nuclei, and the conventional crystallization is induced bysponds to a cooling rate of about 0.035 K/min and equals
thermal activation. Therefore, the highy needs high ther- the Kauzmann temperatuff within experimental errof?
mally activated temperature. The smg]| should be an in- The difference betweeny (at 2 K/min) andTkis 31 K, and
trinsic feature of the Ce-based BMG'’s which have muchmuch smaller than that of other BMG®S.

lower glass transition and crystallization temperatures. For the BMG's, the linear fitting using the Lasocka’s re-
lation is not so convincing in describing their behavior at
iti i larger heating rates as shown in Fig?'62 When ¢ is ex-
C. Glass transition and fragility of the Ce-based alloy g g g

tended to above 40 K/min, the linear relationship has a dis-

The unique Ce-based BMG’s should have intrinsic feayinct givergence. Therefore, we try to fit the relationship of
tures in the supercooled liquid state. The large supercool | and In ¢ with Vogel-Fulcher equaticR

liquid region of the BMG offers great conveniences for in-

vestigation of the nature of the supercooled liquid in terms of In ¢=InB- DTy ?)
the Angell’'s fragility concept. Figure 6 presents the depen- Tg-To'

dence ofTy and T, on In ¢ of the CgoAl;oNi;Clyy BMG
from 2 to 200 K/min. Similar to crystallization, the glass i 2D i i
transition of the BMG also exhibits obvious kinetic behavior, 92ss-forming system D is the strength parameter in the
and the change off, upon ¢ follows the Lasocka's VFT equation, Whlch controls_how closely th(_a liquid system
relationshig® T,=358.2+6.02 Ing below the heating rate of obeys the Arrhenius law, antj is the asymptotic value dfq

40 K/min, while T, shows the linear relation with Ip as ~ 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 parameterB,In

where B is a parameter representing the time scale in the

Ce AN Cu,, D, andT, are 8.55, 0.76 and 331 K, respectively. The value
i O Ti 2 of Ty (=331 K) is very close tolk (=338 K), implying that
Fe_Al.GaP CB o T . . .
- Fe, Co,B.0.8i,A,Ga,P., v the metastable equilibrium supercooled liquid can exist close
Fe70B5CESi3AI5Ga2Pm A to TK.

Co_Nb Zr B,

62 e 230

Co, Fe Nb. Zr B,

a5 16 s 2050

Zr, Ti Cu_ Ni Be

a1 47T azs 28

Pd,,Cu, Ni. P,

40~ 130 1o’ 20

Pr Al Fe Cu,

The fragility concept provides a measure of the sensitivity
of the structure of a liquid to temperature chang@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 parametar defined a¥

dlog (7

0 1 1 1 1 —_— y
200 400 600 800 1000 KTYT) |7,
T ()

E (ev)

N w E=N (4] » ~ «
T
$ 4 4 >p» 0 e O m

3

where(7) is the average relaxation time, afidhe tempera-

FIG. 5. The rough linear relation betwe&n and T, of the Ce  ture. From the VFT fit them at a particulaiT, can be calcu-
-, Zr-, Pd-, Fe- Cu-, Co-, and Pr-based BMG's. lated fron?*
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6 =34-37%,% Mg-(m=41),%® Pr{m=31),* and Pd-basedm
~41)% BMG’s (all these m values are evaluated at
°r 20 K/min). The small value of m demonstrates that the
— 4l Ce-based liquid belongs to the strong family being less sen-
£ sitive to the temperature changes and more stable than fragile
5 3l liquids.”® The strong liquid behavior in the Ce-based alloy
< must have structural origin. Busatt al3’ have proposed
£ ol several reasons to explain why the ZrTiCuNiBe BMG-
forming alloys are stronger supercooled liquids. The struc-
1} tural studies of these strong liquids indicate that they possess
- a relatively small amount of free volume and significant
0 360 370 380 390 400 410 420 230 chemical short-range ordering in the m&liTherefore, the

strong liquid behavior of the Ce-based alloys should come
Tg (K) 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? the small
value ofm and larger value ofz¢ and y (see Table)l 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.

FIG. 7. VFT relationship betweefy; and ¢.

DT,T,
-9
g (4)

m= .
(Tg=To)?In 10

Them of the CggNi oAl 1(«Clg BMG evaluated at a heat-
ing rate of 20 K/min from Eq(4) is 21. According to An-
gell's classificatior;® strong liquids with an approximately
Arrhenius temperature dependence of relaxation times have Table Il contrasts the values pf v;, andvg as well as the
values of fragility lower than 30 with an estimated lower elastic constants andp for the CegeAl;gNi;(Clyg BMG,
limit of about 16(e.g., for oxide glass of Si) GeO, etg.  typical Zry;Ti 4Cuy, NigBey, s BMG (vitl) and their corre-
Fragile liquids such as polymers and ionic melts display val-sponding crystallized state. For comparison, the acoustic and
ues of fragility above 100. The small value of for the elastic constants of the typical Cu-based BMG and Mg-based
Ce-based alloy is very close to the strong limit and smalleBMG as well as their fully crystallized states are listed in
than that of Zr- (m=34-39,% La-(m=32),3° Fe{m Table 113 The large changes in(21%), v,(13%),

D. Remarkable phonons softening behavior

TABLE lIl. The elastic constants of the g\l 1gNi;(Cuyoand Zn,Ti14Cuy, NijgBey, salloys in their glassy and fully crystallized states.
The Cu- and Mg-based BMG’s with markedly different glass transition temperatures are also listed for comgiésat,. stand for the
elastic constants ang}, of these alloys in glassy and crystallized states, respectively. The elastic constants of the component elements in the
Ce0Al 1gNi1Cuyg alloy from references, and the calculated elastic constants of thlggNi,(Cuyg alloy based on the elastic constants of
its components are also listed.

p v A E G K 6
Composition (g/cn?) (km/s) (km/9) (GPa (GPa (GPa (K) (u® (A?
glassy 6.670 2521 1315 303 115 27.0 144 1.18
CeroAl1oNizoCuro (Ty=359 K) crystallized 6.711 2.884 1590 435 17.0 332 174  0.81
(Y YY (%) 0.6 14.4 20.9 43.6 478 229 208 —-314
Calculated C@Al10Ni1Cuyg 429 175 29.1
Ce (Ref. 46 34 14 22
Al (Ref. 46 70 26 77
Ni (Ref. 49 200 83 180
Cu (Ref. 46 130 47 140
glassy 6.125 5.174 2472 101.2 374 114.1 327 0.64
Zr41TiyCuyo NizgBey s (Ref. 40 (T;=623K)  crystallized 6.192 5.446 2.807 128.7 48.8 1186 371 058
(YeY)IYA%) 1.1 52 135 272 303 39 134 -9.4
glassy 8.315 4.62 2.108 101.1 36.9 128.2 282
ClgoZraoHf16Ti1o (Ref. 39 (T,=754 K) crystallized 8.363 4797 2342 1233 459 1313 312
(YeY)/YA%) 058 38 111 220 244 24 10.6
glassy 398 422 222 513 196 447 272.9
MgesClosTbyo (Ref. 39 (T,=414 K) crystallized 400 453 245 620 240 502 300.9
(YoY)/Y4(%) 05 73 103 199 224 123 102
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E(43.5%), G(47%), K(22.9%, and 65(20.6%9 and small calculated elastic constants of the Ce-based alloy are very
change inp(0.6%) between the glassy and crystallized statesclose to those of its crystalline state. Except Kara large
for the Ce-based BMG can be seen in Table Ill. The remarkdifference between calculated and experimental valuds of
ably large changes of elastic moduli in the BMG relative toG, ando of the BMG exists, indicating that the elastic con-
its crystallized state mean that markedly softening of long-stants of the BMG should not be simply described by a rough
wavelength transverse as well as longitudinal acousti@verage of those of component elements. Therefore, the
phonons in the BMG. However, only the markedly softeningabove results further confirm that the large softening of the
of the transverse elastic modulumiormally ~20-35% Ce-based BMG is attributed to its intrinsic glassy structure.
change inG) can be observed in amorphization proégss  The large elastic phonons softening behavior of the
and various other BMG'$>-*'Table IIl contrasts the relative Ce-based BMG should also have close relation with its
changes op, v, G, K, andfp, of the CgoAl1gNi;(Cu;o BMG strong liquid behavior concerning the temperature depen-
and vitl compared with their crystallized states. For vit1,dence of viscosity. Lanet al?° point that the softening o
large changes ing(13.5%, 6p (13.4%), andG (30.3% but  associates with critical static atomic displacemém} and
much smaller changes in(5.2%) and K (3.9%) between anharmonic vibration in a metallic glass. The softening of the
the two states. However, the Ce-based BMG shows substatransverse elastic modulus of metallic glasses was also an-
tially larger softening irG, E, and 6, and large softening in ticipated theoreticall§® Table 1l shows that the phonons
K and longitudinal acoustic velocity as well. This phenom-softening behavior of the Ce-based BMG can also be dem-
enon is different from that of other BMG:2°This unusual ~ onstrated by its largéu?), which is related td,, and 6 as'
softening concerning the elastic phonons of the Ce-baseg?=9h?T,/(Mkg3). The(u?) is a general measure of the
BMG may result from the intrinsic structural feature of the chemical and topological disorder and hence can be used as a
Cerium base, and it could be due to the low glass transitiogeneral disorder parameter for characterizing a glassy
temperature of the alloy as well. However, Table Il showssolid#° Miglio®° also found that the largéu?) gave rise to a
that the vit1(Ty=623 K), the CypZraHf1oTiio BMG with  |ower elastic energy. As shown in Table IlI, the increase of
higher Ty (Ty=754 K),*° and the MgsCupsThio BMG with  (42) in the BMG relative to its crystallized state is larger
low Ty (Ty=414 K),* which have markedly different glass than that of vit1, confirming the more disordered structure of
transition temperatures, exhibit the similar softening behavthe BMG having very low elastic energy and showing soft-
ior. The comparison indicates that the unusual softening irning behavior.
the Ce-based BMG’s mainly result from the intrinsic struc-
tural feature of the Cerium base that is of variable electronic IV. CONCLUSIONS
structure and dual valency states, and only small amount of
energy is required to change the relative occupancy of the The CeAINiCu BMG system has been obtained by a con-
electronic level€. The small density change suggests that theventional Cu-mold cast method. The BMGs exhibit a wide
Ce-based BMG contains less density of free volume and hasupercooled region up to 78 K, very low glass transition
more random packed microstructure compared with vitltemperature (T,=359 K) and Debye temperature(6p
This result is in good accordance with the strong liquid be=144 K). Ultrasonic measurements demonstrate that the
havior concerning the temperature dependence of viscosit@e-based BMG’s are the softest in elastic moduli, and the
of Ce-based BMG's’ softer behavior in elastic constants compared to other BMG’s

In order to further understand the phonons softening bemaybe due to the low glass transition temperature of the
havior, the correlation between the elastic constants of th€e-based alloy.
glassy state and its pure metallic components is considered. The fragility parameter of the typical Ggl;gNiiClyg
It has been shown that the compression of thg®idoP,g  BMG obtained from the heating rate dependence of the glass
metallic glass is similar to those of crystalline nickel andtransition is 21, indicating the strong liquid behavior accord-
palladium?? and that the compression curves of Zr-basedng to Angell’s classification of glass forming liquids. A large
and Pd-based BMG’s have a correlation with those of theisoftening of acoustic phonons in the BMG relative to its
metallic components and represent a rough average of thoseystalline state is observed, which demonstrates that the un-
for these elements, indicating that the short-range ordemsual phonon softening of the Ce-based BMG originates
structure of these BMGs has a close correlation with thérom its intrinsic microstructural features and the strong lig-
atomic configurations of their metallic componefté* For  uid behavior concerning the temperature dependence of vis-
an alloy, its elastic constants may agree well with the calcueosity.
lated value expressed by the relafioff

ML= E fiMi_l, ©) ACKNOWLEDGMENTS
Financial support from the National Science Foundation

whereM denotes any elastic constants ahds the atomic  of China (Grants Nos. 50321101 and 5037109%cience
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