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ABSTRACT
Various sample sizes of Zr41 .2Ti 1308CU12,5Ni 10,0Be22.5 with masses up to 80 mg were
undercooked below Tg (the glass transition temperature) while electrostatically levitated,
The final solidification product of the sample was determined by x-ray diffraction to have
an amorphous phase. Differential scanning calorimetry was used to confirm the absence
of crystallinity in the processed sample. The amorphous phase could be formed only after
heating the samples above the melting temperature for extended periods of time in order
to break down and dissolve oxides or other contaminants which would otherwise initiate
heterogeneous nucleation of crystals. Non-contact pyrometry was used to monitor the
sample temperature throughout processing.

The critical cooling rate required to avoid

crystallization during solidification of the Zr4 1.2Ti 13Q8CU
12.5Ni 10,0Be22.5 alloy fell
between 0.9 K/s and 1.2 K/s.

PACS numbers :06.,61 .42.+h, 64.70.Pf, 64.70.Dv, 8 1.20.Pe
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Extensive effort has been devoted to the preparation and characterization

of

metallic glass alloys. 1 ‘Conventional rapid quenching techniques such as melt spinning,
splat quenching, and liquid atomization have been employed to achieve the high
undercooking required for glass formation by bypassing heterogeneous nucleation via
rapid cooling at 103- 106 K/s. Modest cooling rates of 103 K/s or less have been applied
to attain deep undercoolings in many binary and ternary alloys such as Pd-Si2, Pd-Cu-Si3,
Au-Pb-Sb4, and Pd-Ni-P3*5. Very slow cooling rates ( 0.3 K/s or less ) have resulted in
sufficiently large undercooking to form glassy Te-Cu alloys in the form of a fine droplet
emulsion6.

Slow cooling methods offer a significant advantage over rapid cooling

methods in permitting the experimental measurements leading to an evaluation of the
kinetic competition between crystal nucleation and glass formation in the deeply
undercooked liquid state. To achieve a deeply undercooked liquid state, high-temperature
high-vacuum electrostatic levitation

has been developed as a containerless process

which eliminates the need for a melt containment vessel that often initiates heterogeneous
nucleation.

The electrostatic levitator affords virtually unlimited processing times

allowing long thermal treatments and adequate time for thermophysical

property

measurements. Recently, the undercooked melt of a Zr-Ti-Cu-Ni-Be alloy has been found
to exhibit extremely high thermal stability.

Containerless electrostatic levitation

processing was applied in the present investigation to further study the undercooking
behavior of the liquid alloy. Information obtained from the present analysis has been
coupled with the results from an earlier study of the glass forming ability of this alloy to
provide a clearer understanding of the necessary conditions for glass formation (e.g.,
critical cooling rate) as well as proper thermal treatment of the melt required to suppress
heterogeneous nucleation of crystals.
Alloy ingots with the nominal composition Zr41 .2Ti13.8Cu 12.5Ni 10.0Be22.5
were prepared from a mixture of elements of purity ranging from 99.5% to 99.9% by
induction melting on a water cooled silver boat under a Ti-gettered argon gas atmosphere.
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Following silver boat induction melting, an ingot was cut into pieces having a typical
weight of 20 - 80 mg. These small pieces were remelted under a 1 mPa vacuum in a
radio frequency field (- 2100 KHz) to produce spherical specimens. The spheres were
then placed into the high-temperature high-vacuum electrostatic levitator (HTHVESL)
developed at JPL ( Jet Propulsion Laboratory)7, Prior to processing, the HTHVESL was
evacuated to an ultimate vacuum of 6.7x10-3 mPa, Sample heating was provided by a 1
kW UV-rich high pressure xenon arc lamp (ILC, model LX 1000CF). During the melting
and solidification process, the sample temperature was measured using an E2T pyrometer
(model 7000ET-lHR) coupled to a readout unit (model E2T-B) with a nominal sensitivity
range of 588 K to 1923 K. The pyrometer measures the radiance of the sample at 4
micrometers (nominally) and has an adjustable emissivity setting for computing the
sample temperature from the measured radiance,

The emissivity setting was held

constant throughout the experiments and initially set such that the pyrometer read a
known Iiquidus temperature ( in this particular alloy, T1 = 993 K) just after melting. As
long as the sample remains liquid, the error introduced into the temperature measurement
as a result of varying sample emissivity is estimated from the Hagen-Rubens emissivity
relation to be less than 2% over the measured range9. The emissivity of the sample can
change more substantially, however, upon solidification due to changes in the sample’s
electrical resisitivity and surface roughness. The temperature measured during and after
crystallization, therefore, is not accurate, The processed samples were analyzed with xray diffraction (XRD) using an Inel position sensitive detector with Co Kcxradiation ( %=
0.1790 rim).

A Perkin-Elmer DSC 4 scanning calorimeter interfaced to a personal

computer for data processing and analysis was used for thermal analysis.
An example of the undercooking behavior observed during solidification is shown
in Fig. 1 for a 13.5 mg sample of Zr41 .2Ti13.8Cu12.5Ni ]OoOBe22.5. The appearance of
recalescence due to crystallization during cooling is indicated in cooling curves A and B.
Due to the high vacuum condition during processing, the cooling was purely radiative and
4
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was achieved by simply blocking the heating source. Cooling curve A, obtained from the
fresh sample, shows that the crystallization is initiated at approximately 893 K. After the
first melting and cooling cycle was completed, the same sample was remelted and
maintained in the liquid state at 1223 K for about 15 minutes.

Subsequent radiative

cooling indicated a crystallization temperature of about 883 K. The same sample was
then remelted and maintained at 1223 K for one hour. The sample was then found to
solidify without any recalescence during radiative cooling as shown in cooling curve C in
Fig. 1.
An x-ray diffraction pattern of the sample obtained following cooling curve C in
Fig, 1 shows only the broad diffraction maxima typical of an amorphous alloy as shown
in Fig. 2.

To confirm the amorphous state of this sample, differentird scanning

calorimetry (DSC) was carried out, Fig. 3 shows a DSC thermogram of the same sample,
which exhibits the onset of a glass transition at 621 K using a 0,67 K/s heating rate. This
value is comparable (about 7 K lower) to the Tg of an amorphous reference sample that
was prepared by water quenching in a silica tube.8 The difference may be due to the
much slower cooling rate obtained by containerless processing (i.e., radiative cooling at a
rate of about 10 K/s) resulting in a more relaxed amorphous state with a lower Tg than
that from water quenching which provides a cooling rate of the order of 100 K/s. 12 A
total specific heat increase through the glass transition of 21,3 J mole-1 K-l in the
containerlessly processed sample equals the value obtained from the amorphous reference
sample within the experimental error of 2 %. In addition, both alloys show identical
crystallization

behavior (with the same amounts of heat release in the different

crystallization peaks).

Thus, it can be concluded that a filly amorphous alloy was

obtained by cooling in the HTHVESL. This implies that the various catalytic nucleants
such as oxide particles or other foreign debris which initiate nucleation were gradually
dissolved into the liquid solution during processing above the melting point. With the
elimination of heterogeneous nucleants, the sample undercooks below the glass transition
5
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temperature, Tg, thus forming a glassy

It should be noted also that the process of

alloy.

solidification was carried out under high vacuum conditions (9.3x10-2 mPa ) to minimize
the deposition of impurities on the surface of the sample.
An optical micrograph of a typical glassy sample is shown in Fig. 4. Exceptional
smoothness and no crystallinity were observed at the surface of sample.

The surface

topology was analyzed using atomic force microscope (AFM) indicating that the surface
smoothness was about * 5 nm with the typical variation occurring over micrometer length
scales.lo
Of practical importance is the critical cooling rate for amorphous phase formation.
Turnbull used the classical nucleation and growth theory of crystalline phases in an
undercooked liquid to analyze the glass forming ability of metallic materials 11. For
kinetic analyses ( e.g., construction of time-temperature-transformation

(T-T-T) diagrams

for the initiation of crystallization), numerical values must be assigned to various
thermodynamic and kinetic transport parameters, such as the driving free energy for
crystallization, AGV,the liquid-solid interracial energy, o~s, and the liquid viscosity, ‘q, in
the undercooked region.

At present, the magnitude of these parameters are uncertain

(especially for highly undercooked liquids) due to limited experimental data. As a result,
a kinetic analysis may be expected to provide no more than an approximate, order of
magnitude, estimate for the critical cooling rate to bypass crystallization.

Using unique

experimental capabilities of HTHVESL at JPL, (i.e., sample heating, cooling, and
levitation are decoupled), it was possible to measure the critical cooling rate to bypass
crystallization by directly varying the cooling rate,
obtained

at

two

different

cooling

rates

Fig. 5 shows the cooling curves
for

a

42.4

mg

sample

of

Zr4 1.2Ti 13.8CU12.5Ni 10cOBe2205, Cooling curve A was attained with a cooling rate of
0.9 K/s while cooling curve B with a slightly faster cooling rate of 1.2 K/s. This indicates
that a critical cooling rate in excess of 0.9 K/s but less than 1.2 K/s is required to avoid
crystallization during solidification of the Zr4 1.2Ti 13,8CU1205Ni10oOBe2205alloy. The
6
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processed sample was analyzed by XRD and DSC.

The results indicated a fully

amorphous state after cooling at 1.2 K/s. In addition, taking Tg = 625 K and T1 = 993 K,
Fig. 5 shows the total time for cooling without any crystallization (i.e., between TI and
Tg) to be approximately 5 minutes.

To our knowledge, this is the longest duration

cooling cycle reported for an undercooked liquid alloy of scaled-up sample size (mm sizes
in diameter). The exceptional y high thermal stability of the undercooked liquid has been
explained by (i) a very small driving force of crystallization ( for example, at 780 K
AG1+X s 1.0klmole-l, where AGljx

is the free energy difference between liquid and

crystalline phase in undercooked regime ) and (ii) the complexity of the five component
alloy which results in sluggish crystallization.
Based on the present investigation, several comments can be made in regard to
containerless processing using HTHVESL as applied to amorphous materials. It has been
observed

that

the

application

of

the

HTHVESL

technique

to

the

Zr4 1.2Ti 1308CU1205Ni10.0Be22.5 alloy has yielded samples sufilciently free of active
nucleation catalysts so that configurational freezing (i.e., vitrification) can occur during a
slow cooling of relatively scaled-up samples ( up to 80 mg ). As the duration of holding
the molten metal above the liquidus temperature increased, it was possible to “clean” the
sample and to avoid heterogeneous nucleation resulting from the oxide particles or other
contaminants during solidification.

Since the thermal history (heating and cooling) is

completely decoupled from the levitation of the sample in HTHVESL,

and the

Zr41a2Ti13.8Cu12 .5Ni10,0Be2205 alloy shows exceptionally high thermal stability of
undercooked melt, a new opportunity for studying the undercooking and solidification
behavior as well as for making experimental measurements of therrnophysical properties
of the undercooked liquid from T1 to Tg has become available 12. For example, in this
letter, we have demonstrated direct experimental measurement of the critical cooling rate
for glass formation in a newly developed alloy (Zr4102Ti13.8Cu 12.5Ni10.0Be22.5) by
applying the containerless HTHVESL processing technique.
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FIGURE CAPTIONS
Fig.1,

Temperature profiles for radiative cooling of a ~41.2Ti13.8Cu12 .5Ni10.@e22.5

alloy sample (13.5 mg) : curve A is from the first cooling of a fresh sample, curve B is
from the second cooling after remelting of the sample for a duration of 15 minutes,
and curve C is from the third cooling (after remelting for 1 hour) indicating the liquid
is undercooked to the Tg regime without crystallization.
Fig.2,

XRD pattern ( Co Kcxradiation) of the Zr41,2Ti13.8Cul~ 05Ni10a@e22.5 alloy

sample processed containerlessly in the high-temperature high-vacuum electrostatic
levitator.
Fig.3.

DSC

thermogram

(

heating

rate

of

0.67

K/s

)

of

the

Zr41 .2Ti1308Cu12.5Ni 10.0Be2205 alloy sample processed containerlessly in the hightemperature high-vacuum electrostatic levitator.

The insert shows the endothermic

jump in the signal due to the specific heat increase when the alloy passes the glass
transition.
Fig.4.

Optical micrograph of the glassy Zr41 .2Ti13,8Cu 12.5Ni1000Be22.5 alloy sample

processed containerlessly in the high-temperature high-vacuum electrostatic levitator.
Fig.5.

Temperature profiles obtained at two different cooling rates : curve A is for

cooling rate of 0.9 K/s and curve B is for 1.2 K/s.
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