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Anelastic relaxation behavior and thermal stability of undercooled metallic melts
in the amorphous ZrgsAl,Cuss_, System

M. Weiss, M. Moske, and K. Samwer
Institut fur Physik, Universita Augsburg, D-86135 Augsburg, Germany
(Received 15 May 1998

The anelastic relaxation behavior of amorphoug/, Cuss_ in the vicinity of the glass transition is found
to be very sensitive on the aluminum content. The description is given in terms of a Kohlrausch-Williams-
Watts function which is characterized by the stretching expofearid the relaxation time. The dependence
of these parameters on temperature as well as on Al content can be consistently described with the existence
of a correlation length or dynamical heterogeneity which seems to reach a critical size at the crystallization
temperature, independent of alloy composition. In this sense the thermal stability appears to be closely con-
nected to the anelastic relaxation behavior.
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I. INTRODUCTION m~250— 3208. (3

Amorphous and glassy materials, from silica glasses tdiard-sphere systems should be fragile in this classification.
polymers and metals are of considerable fundamental andowever, new metallic glass formers which ap@eta)
technological interest. The transition from liquid to solid be-stable in the supercooled liquid stite'® show relatively
havior upon cooling is an oldbut unresolved problem in small values ofm and large values o8, e.g.,m=36.4(Ref.
physics?~* Metallic glass formers have been expected to bel7) and 3~0.67 atT, for ZrgsAl7 <Clyp; 5 (concentrations in
an ideal system for the description of the glass transitiorat. 99'%in accordance with Eq3). These results, which are
since they should be comparable to a hard-sphere system.confirmed by other viscosity measureméhtand neutron

For a characterization of different glass formers the classcattering®® mean that these alloys belong to the group of
sification scheme of Angéliis widely used. This classifica- strong glass formers, in contrast to the expectations for a
tion can be quantified with the so-called fragility index  hard-sphere system.

(Ref. 6, We refer to this problem in terms of the anelastic relax-
ation behavior which can be described with a KWW function
dlog [Eq. (2)].* Two different scenarios for the origin of the
M=a7/T ' 1) stretching of relaxation are discussed in literature. Figst,
9 IT=T, may be attributed to a nonexponential relaxation behavior of
which is determined by the temperature dependence of th homogeneous systetT** The second possible interpreta-
viscosity »(T) at the glass transition temperattFg. tion for the experimental results is a heterogeneous distribu-

Glass formers which have a temperature-independent aion of relaxing units which seems to apply in many cases
tivation energy of viscous floArrhenius-like behavigrex- ~ @nd is briefly reviewed in the following section.
hibit only small changes of the local atomic configuration
and are therefore callestrong glass formersThese materi- Il. DYNAMIC HETEROGENEITIES
als are characterized by small valuesroflown tom~16. In . e ods
contrast, a temperature-dependent local configuration of 1h€se heterogeneities have a finite lifetiné and are
fragile glass formers is responsible for a temperaturelhere,fore often said to be dynamic. S_uch a dynamic hetero-
dependent activation energy. Corresponding values for th@€neity has been suggested from lattice-gas motefBut
fragility index up tom= 191 are found. even r’n_ore7r_ezgllstlc moIeCl_JIar-dyna_lmlcs S|mulqt|ons in two
Another common way for the description of glass formersdimensions’**showed regions of different atomic mobility.
is the characterization of the relaxational behavior of a quanR€cent simulations of Kob, Donati, Plimpton, Poole, and
tity & (dielectric polarization, mechanical stress, anelasti¢/0tzer show regions of different density and mobility even
strairf) in terms of a Kohlrausch-Williams-Wattww) N three dimension® Smaller mobility of the atoms forces

functiont8:9 enhanced cooperativity, i.e., the total number of atoms in-
volved in molecular motions is larger in a region of en-
O (t)cexp —(t/7)P) (2)  hanced density. This corresponds to a larger correlation
length of atomic movements.
with a characteristic relaxation timeand a stretching expo- The idea of cooperativity has led to huge efforts to find
nent B which is a measure for the nonexponentiality. these regions experimentally. The most direct approach was

A compilation of experimental results shows a correlationgiven by Arndt, Stannarius, Groothues, Hempel, and Kremer
of the fragility and the nonexponentiality of the relaxational who confined the glass former salol into nanopores of diffent
behavior afT, for various amorphous materididj.e., sizes(2.5—7.5 nm.>! Due to the confinement the maximum
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correlation length is limited, and the relaxation-time spec-
trum is shifted towards shorter times which was interpreted
in terms of a correlation length exceeding 7 nm. Multidimen-
sional nuclear magnetic resonari®MR) investigation*32
confirm the heterogeneous nature of this so-calked
relaxation>® By means of dielectric hole burning, Schiener,
Bohmer, Loidl, and Chamberlin demonstrated that the di-
electric data can be analyzed in terms of Al relaxation-time
distribution of spacially distributed relaxatotsConcerning . ‘ ,
anelastic response of amorphous metallic alloys, a crossover 550 600 650 700 750

experiment in FgNi,oB,, showed that the anelastic relax- T (K)

ation process for these amorphous alloys is not hierarchical

as proposed from dielectric response experim&htsjt is FIG. 1. Heat flow of three different ZAl,Cuss_ Samples mea-
better described with a distribution of relaxation tinies. syred with 0.83 K/s in a DSC experiment. The sample containing
However, a distribution of relaxation times is widely used 750, Al exhibits the largest temperature interddll, =T, — T, be-

for the interpretation of mechanical relaxation d4=°The  tween glass transitiofiy and crystallization temperatufg, (AT,
anelastic relaxation times in RfNisoP,g are much longer =90 K).

compared to characteristic times for short-range otdgve

therefore conclude that the anelastic behavior in metalliposition of the alloys has been checked with energy disper-
glasses at least in the vicinity df, is affected by more sive x-ray analysiSEDX) and a deviation smaller than 1%
atoms than nearest neighbors. from the nominal concentration was found.

The correlation length found in light-scattering  The stability of the supercooled liquid was determined by
experiment®*! is usually larger than in computer simula- differential scanning calorimetr§Perkin EImer DSC Ywith
tions. This may be due to local orientational ordering as Wea heating rate of 0.83 K/s. Figure 1 shows the temperature-
ber, Paul, Kob, and Binder suggesfédAnother problem dependent heat flow of the sample in reference to the corre-
may arise from the small simulation cell, and it has beersponding crystallized sample. The glass transitiorT afis
argued that for long relaxation times simulation mechanismsnarked by an endothermic step and is shifted to higher tem-
other than molecular dynamics are favorable. peratures for higher Al content. In contrast, the crystalliza-

The existence of a correlation length is unexpected irtion temperaturd, is maximum for 7.5% Al. As a result, a
theories that treat the glass transition as a purely kinetic phesupercooled liquid regiodT,=T,—T, of about 90 K is
nomenon, such as mode coupling theSrHowever, there  obtained for ZgAl; <Cu,; 5, which indicates the good qual-
are several theoretical approaches to describe cooperativly of the samples.
behaviort>—48 The anelastic relaxation experiments have been carried

Since glass forming liquids seem to be heterogeneous iout in tension in a Dynamic-Mechanical AnalyzéPerkin
nature, the question may arise whether the strong liquid beElmer DMA 7), where force and temperature are pro-
havior of metallic glass formers may be attributed to a cergrammed and the resulting strain is measured. The whole
tain heterogeneity. In fact, it has been speculated that thdevice was operated under controlled Ar atmosphéde (
observed increase i@ with temperature arises from regions <1 ppm) to prevent sample oxidation. Figure 2 shows the
of different atomic mobility that change size with increasingapplied force (@) and the corresponding straifb) of a
temperaturé® Another question is whether the good thermal ZrgAl; -Cu,, s sample at 623 K as a function of time.

heat flow (arb. units)

stability of supercooled liquid ZgAl; sCu,; 5is connected to The sample strain is dominated by viscous flow over the

the relaxational behavior. whole experiment. At the beginning, the viscosity of the
To answer these questions, we performed concentration

dependent anelastic relaxation experiments in the (@

L . . . = 800 -
ZrgsAl, Cugs_, System which is well suited for the investiga- Z I
~ 400 -
L

tion of these questions since the thermal stability of
ZrgsAl Cuss_ samples changes with Al contemt® The

fact that this system consists of only three components
makes the interpretation of concentration dependence more
simple. Furthermore, £¢Al,Cuss_ provides the most stable
supercooled liquid X=7.5) of all known ternary alloys,
which is an advantage in time consuming equilibrium experi-
ments like anelastic relaxation measurements.

0 10 20 30 40 50 60
Ill. EXPERIMENTAL t (103s)
The alloys have been prepared from the elements O_f high FiG. 2. (a) Applied force F and (b) measured strai as the
purity (Zr: 99.935%, Al, Cu: 99.999%by arc melting in  response of the sample to the applied force. The inset shows a
99.999% Ar atmosphere. Subsequent splat quenching prenagnified region where the force is reduced to half of its initial

vides a foil of 40 um thickness, which is fully amorphous value, including the anelastic aftereffect of the saniplevature in
for all Al contents as checked by x-ray diffraction. The com-¢(t) after load change
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FIG. 3. Example for the separated anelastic strain of FIG. 4. KWW exponent3 of ZrgsAl,Cuss_, determined from
ZrgsAl7 Cuy; 5 as a function of time at 623 K. The solid line is the anelastic relaxation measurements in the vicinityTgfand in the
fit with a KWW function according to Eq.2). supercooled liquid for three different Al concentrations

sample rises due to annealing of excess free volumand its increase abovd,, can be observed in some
quenched in during the preparation process. This is compolymers® as well as in semiconducto?$.

monly referred to as irreversible structural relaxafior: Figure 5 shows the characteristic relaxation tiresor-
After 25 ks the sample is close to metastable equillibrium asesponding to the3 values in Fig. 4 in an Arrhenius plot.
indicated by an almost constant creep velocity. The force iShe most striking feature is the very short relaxation time for
then reduced to half of its inital value, causing an instantaZrgsCuss, even belowT; (T4 estimated from DSC measure-
neous elastic contraction and a time dependent anelastic afien), whereas ZgAl; Cuy; 5 shows the largest values for
tereffect. The separation of the anelastic strain from viscouall temperatures. The temperature dependence of the
flow was performed using the derivative of the experimentallassy state is largest fac=0 and is only weak forx
data to improve the accuracy. This is described in detail in an=7.5. Close to the glass transition, a change in temperature
earlier papet? Figure 3 shows the separated anelastic straindependence is observed for both g, Cly,s and
which is calculated from the data in Fig. 2, and the fit with azrs-Al,:Cu,,. The experiments are performed up to tempera-
KWW relaxation function according to E¢2). As main re-  tures just before the onset of crystallization in the timescale
sults, the exponeng and the characteristic relaxation time  of the measurement. At temperatures clos& tdhe anelas-
are obtained from the fit and are the basis for further investic relaxation time is almost equal for all three investigated
tigations. alloys.

IV. RESULTS V. DISCUSSION

First, the reversibility of the observed increasegaih the As stated above, anelastic response experiments are well
supercooled liquid regidfiis checked for a ZgAl, Cuy, s  described by a distribution of relaxation times which may
sample because most glass forming materials show onlgrise from density fluctuations. For larger regions of dense
weak temperature dependence or lower valueg oh the  packing undergoing a cooperative rearrangement, larger an-
vicinity of T,.%>4%® elastic relaxation times are expectéd® Therefore, a

For this purposef is measured first at 633 K. Then the broader distribution in the size of these regions should re-
sample was cooled down to 623 K. To remain in metastableluce the KWW exponent.
equillibrium, the cooling was performed with a rate of 0.017  Additionally, it might be expected that the addition of Al
K/s, followed by an isothermal anneal for 4200 s, before thdeads to a broader distribution of relaxation times due to a
anelastic experiment was performed. The determination oflifferent binding strength between Zr-Cu and Zr-Al, which is
B, how at 623 K, shows consistent values compared to mea-

surements on individual samples without this heat pretreat- 8
ment and proves its reversibility in the supercooled liquid. 7] 4 xy=15
The temperature dependence of the KWW exportefur 2 Z‘(Alj's
different Al contents are compared in Fig. 4. For each value 6 1 .
an individual sample was used to avoid problems with be- ’2‘5 i
ginning crystallization, especially for=0 andx=15. How- =
ever, forx=0 no values abov@ could be determined be- 41
cause of the rapid crystallization of the sample at elevated 3]
temperatures.
In the glassy stateg is constant within the experimental 2T
error of about 3% for all three compositions, but the absolute 147 1.80 1.58 156”(1}(51‘0; 162 1.65 1.68
value is concentration dependent and a maximum is reached 1000
for x=7.5%. In the supercooled liquid the increasgans FIG. 5. Anelastic relaxation time of ZrgsAl,Clss_y in the vi-
less pronounced for=15% compared ta=7.5%. A simi-  cinity of T, and in the supercooled liquid for three different Al

lar behavior, weak temperature dependences dfelow T concentrations.
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represented by the more negative heat of mixing of Zr-Al ation times close tdr, for all three alloys. Obviously the
(—45 kJ/mole) compared to Zr-Cu —(24 kJ/mole)®>’  supercooled liquid crystallizes when the mobility of the at-
However, this is not the case. Although the addition of Aloms (<7 1) reaches a certain critical value which seems to
leads to a shift ofT; to higher temperatures which can be be identical for all three alloys. Since these alloys differ in
attributed to the higher binding strength of Zr-XI°® the  various aspects from each other, a critical size of the corre-
increasing KWW exponent indicates a clear reduction of thdation length may be a measure valid for all three composi-
width of the relaxation time spectrum upon addition of Al. tions.
The narrower distribution of relaxation times of the alloys
containing Al may be of statistical origin. Desshowed that
the concentration fluctuations are reduced by a factor of 10
when the number of components of an alloy is increased by Anelastic relaxation experiments for three glass forming
1.5% This in turn should lead to an enhanced thermal stabilityalloys of the Zg-Al,Cuss_, System in the glassy state as well
of the supercooled liquid, a tendency which is indeed ob-as in the supercooled liquid have been presented. The relax-
served for multicomponent glass forming alldys. ation was characterized with the stretching expongrand
Since the stability decreases for Al contents larger thanhe relaxtion timer according to a KWW function. The re-
7.5%, another mechanism must come into play. Inete*®  sults can be consistently described with the existence of a
argued that the reduced thermal stability ofAt s<Cu,o has  correlation length of decreasing size with increasing tem-
its origin in the existence of a second crystalline phase in thiperature and increasing deviation from an Al content of
alloy, Zr,Al, because this enables a crystallization without7.5%. The experiment suggests the existence of a critical size
long-range distribution of Al atoms. Besides this, it is pos-of such a correlation length close to the onset of crystalliza-
sible that an Al content of 7.5% enables a maximum of packtion. This critical size appears to be identical for all compo-
ing density which is known to be very important for stable sitions.
supercooled liquid$ and can often be achieved by addition
of elements with small atomic radii such as beryllium or
carbon®>®2|n fact, the smaller anelastic relaxation times of
ZrgsAl15CUyq compared to ZgAl; Cuy, 5 indicate that the This work was supported by the Deutsche Forschungs-
density of packing is reduced in this alloy. This would alsogemeinschaft DFG-SP “Unterklte Metallschmelzen,
explain the broader distribution of relaxation tim@snaller =~ Phasenselektion und Glasbildung.” The authors would also
value of B) in ZrgsAl15CUyg. like to thank U. Herr for valuable discussions and G. Hager
This picture is supported by the the almost equal relaxfor technical assistance.

VI. CONCLUSION
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