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The crystallization behavior of the supercooled bulk metallic glass-forming Zr41Ti14Cu12Ni10Be23 liquid was
studied with different heating and cooling rates. A rate of about 1 K/s is sufficient to suppress crystallization
of the melt upon cooling from the equilibrium liquid. Upon heating, in contrast, a rate of about 200 K/s is
necessary to avoid crystallization. The difference between the critical heating and cooling rate is discussed with
respect to diffusion-limited growth taking classical nucleation into account. The calculated asymmetry of the
critical heating and cooling rate can be explained by the fact that nuclei formed during cooling and heating are
exposed to different growth rates. 关S0163-1829共99兲07441-X兴

The ability to form a glass by cooling from the equilibrium liquid is equivalent to suppressing crystallization within
the supercooled 共undercooled兲 liquid. One of the central
quantities in theoretical and experimental studies of glass
formation is the critical cooling rate R c to bypass crystallization upon cooling from the stable melt.1 Critical cooling
rates of monoatomic metallic systems are typically of the
order of 1012 K/s. In contrast, R c of recently discovered multicomponent bulk metallic glass-forming alloys2,3 is of the
order of a few K/s. This excellent glass-forming ability enables investigations of crystallization,4,5 viscosity,6 and
diffusion7,8 as well as relaxation9 in the supercooled liquid
region. The critical cooling rate of Zr41Ti14Cu12Ni10Be23 共Vit
1兲, studied in this work, is about 1 K/s.10 In contrast, crystallization of amorphous Vit 1, previously investigated by
differential scanning calorimetry 共DSC兲 upon heating11 could
not be avoided up to the maximum heating rate of the DSC
of 5 K/s and the critical heating rate has not been determined
yet. The critical heating rate R h , the counterpart of the critical cooling rate upon heating, is the lowest rate an amorphous sample can be heated through the entire supercooled
liquid region without crystallization.
In this paper, the onset temperature of crystallization is
investigated during cooling from the stable melt and heating
amorphous Vit 1 as a function of cooling and heating rate,
respectively. For this purpose we designed an experimental
setup that permits maximum heating rates of 350 K/s and
maximum cooling rates of 40 K/s. We will show that an
asymmetry of R c and R h results from the fact that nuclei
formed during cooling and heating are exposed to different
growth rates, which is likely to be a general feature for metallic systems.
The investigations were performed in high-purity graphite
crucibles since heterogeneous surface nucleation at the container walls does not effect the crystallization of the bulk Vit
1 sample.12 The samples were mounted into the graphite crucibles and inductively heated in vacuum of 10⫺6 mbar or in
a titanium-gettered argon atmosphere. The temperature was
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measured using a thermocouple 共type K兲 with an accuracy
better than ⫾2 K. Details of the experimental setup can be
found elsewhere.13
Amorphous and crystalline Vit 1 samples were heated
with rates between 0.6 and 200 K/s. The digitally recorded
temperature-time profiles were differentiated and are plotted
versus temperature in Fig. 1. Prior to each heating procedure,
the sample was heated to 1175 K and subsequently cooled to
room temperature with a rate of 5 K/s, which resulted in the
formation of an amorphous sample. Crystalline samples were
prepared by cooling from 1175 K with a rate of 0.2 K/s. The
crystallization of the melt in a heating experiment is detected
by a temperature rise, so-called recalescence, which has its
origin in the release of the heat of fusion at the solid/liquid
interface during crystallization. The recalescence leads to an
increase of the heating rate. The onset of recalescence is
marked by arrows in Fig. 1. With increasing heating rate the
crystallization temperatures shifted to higher temperatures.

FIG. 1. Derivative of the temperature-time profile, recorded during heating of amorphous 共solid line兲 and crystalline 共dashed line兲
Vit 1, vs temperature. The onset of recalescence is marked by arrows.
11 855

©1999 The American Physical Society

BRIEF REPORTS

11 856

FIG. 2. Continuous cooling and heating diagram of Vit 1. In this
diagram the cumulative time during constant heating and cooling
from the glass transition temperature and the equilibrium liquid,
respectively, is plotted versus temperature. Diamonds 共⽧兲 denote
the onset of crystallization for samples cooled from the equilibrium
melt. The onset of crystallization for samples heated from the amorphous state is shown by circles 共䊉兲. The critical cooling rate of
about 1 K/s and the critical heating rate of approximately 200 K/s
are denoted by the dashed and solid lines, respectively.

No crystallization was observed upon heating amorphous Vit
1 with a rate of 200 K/s. In contrast, melting could still be
detected during heating crystalline Vit 1 with the same rate.
At this high heating rate, the amorphous sample is heated
through the entire supercooled liquid regime from the glass
transition temperature into the equilibrium melt without a
detectable crystallization event.
The continuous heating and cooling diagram for Vit 1 is
shown in Fig. 2. In this diagram the cumulative time until
crystallization is detected during constant heating from the
glass transition temperature and cooling from the equilibrium
liquid is plotted versus temperature. This diagram reveals a
large asymmetry in the crystallization behavior between
cooling from the stable melt and heating the amorphous
sample. In agreement with previous results10 we found a
critical cooling rate for Vit 1 of about 1 K/s. However, the
critical heating rate of approximately 200 K/s is about two
orders of magnitude larger. A difference in crystallization
behavior between cooling from the stable melt and heating
the amorphous sample was also suggested for the
Ni40Pd40P20 bulk metallic glass-forming system.14
In an experiment, the onset of crystallization is somewhat
arbitrarily defined as the point in time where the crystalline
volume fraction within the melt reaches some small but finite
value. With the present setup a crystallized volume fraction
of about 10⫺3 can be detected. The exact value of the detectable volume fraction has, however, marginal influence on the
present discussion. Crystallization of a melt requires the formation of nuclei and subsequent growth of crystalline
phases. Within classical nucleation theory, the steady state
nucleation rate
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is the product of a constant A, an effective diffusivity D, and
the thermodynamic Boltzmann factor to overcome the nucle-
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ation barrier. T denotes the absolute temperature, and k is
Boltzmann’s constant. In a complex system like Vit 1 an
adequate description of the nucleation process will certainly
have to go beyond the concept of steady-state nucleation.5
Further influences such as, for example, decomposition processes, have to be considered15–17 to explain the fine microstructures of Vit 1.5 At this point, however, to discuss the
different growth kinetics on crystallization the simplified approach of steady-state nucleation serves as a sufficient
model.
The activation energy to form a critical nucleus is given
by ⌬G * ⫽16 /3⫻ 3 /⌬G 2 . Here  denotes the energy of
the interface between the melt and a nucleus and ⌬G the
difference in Gibbs free energy between the solid and liquid
phases. Assuming diffusion-limited growth, the crystalline
growth velocity can be described by

u⫽

冋

冉 冊册

⌬G
D
1⫺exp ⫺
a
kT

共2兲

,

with the interatomic spacing a. The temperature dependence
of the effective diffusivity is described by a hybrid equation
that was proposed earlier.6 The interfacial energy ⫽0.04
J/m2 and A⫽1011.1 were taken from a least-squares fit to the
isothermal temperature-time-transformation 共TTT兲 diagram.6
DSC results from Ref. 11 were taken as an estimate for ⌬G.
Considering three-dimensional growth and a steady-state
nucleation rate, the time-dependent volume fraction x of
crystallized material is obtained by
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The double integral sums over all nucleation centers appearing at time  and their growth from  to time t. The crystallized volume fraction 关Eq. 共3兲兴 is numerically calculated for
linear cooling and heating and plotted versus temperature in
Fig. 3. x increases continuously upon cooling from the liquidus temperature T liq with 1 K/s and becomes approximately
constant at 600 K 关curve 共a兲 in Fig. 3兴. The calculation was
terminated at 500 K due to the freezing of the crystallization
kinetics. The total crystallite volume fraction of 3.5⫻10⫺4
would not be observed in the thermocouple signal of the
present experimental setup. Continuing the simulation by
heating the sample with the same rate of 1 K/s leads to the
detection of the onset of crystallization (x⫽1⫻10⫺3 ) at 820
K 关curve 共b兲 in Fig. 3兴. For comparison, a simulation with a
perfectly amorphous sample, heated with 1 K/s, is also
shown in Fig. 3 关curve 共c兲兴. Here the crystallization becomes
detectable at 880 K.
For steady-state nucleation, the number of nuclei formed
during heating of a perfectly amorphous sample up to the
liquidus temperature is exactly the same as the number of
nuclei formed during cooling from T liq down to the glass
transition temperature T g . However, the nuclei formed during cooling are exposed to different growth rates than nuclei
formed during heating. The nucleation rate and growth rate
according to Eqs. 共1兲 and 共2兲, respectively, were calculated
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FIG. 3. Calculated crystallized volume fraction according to Eq.
共3兲, for linear heating and cooling of Vit 1. Cooling from the equilibrium melt 共a兲 with 1 K/s results in a volume fraction of crystallized material of 3.5⫻10⫺4 . Reheating this sample with 1 K/s 共b兲
leads to the detection of the onset of the recalescence at 820 K. For
heating a perfectly amorphous sample with 1 K/s 共c兲 crystallization
becomes detectable at 880 K. The inset shows the nucleation rate
I ss 共solid line兲 and growth rate u 共dashed line兲 calculated with the
above-mentioned parameters 共Ref. 13兲, according to Eqs. 共1兲 and
共2兲, respectively.

with the above-mentioned parameters. The maximum of the
growth rate at 985 K is at a much higher temperature than
the maximum of the nucleation rate at 840 K 共inset in Fig.
3兲. Therefore, upon heating a perfectly amorphous sample, a
large number of nuclei have formed at the temperature where
the nucleation rate has a maximum. During further heating,
these nuclei are exposed to the maximum growth rate, resulting in a high crystallization rate. In contrast, upon cooling
from T liq , the maximum number of nuclei formed at the
same temperature will experience lower growth rates during
further cooling to T g , leading to a low crystallization rate.
The result is that a higher volume fraction of crystallites
formed during heating of a perfectly amorphous sample,
compared to the one crystallized upon cooling with the same
rate from T liq . If the effect of quenched-in nuclei is taken
into account, the difference is even larger. Consequently, to
keep x below the detection level, the sample has to be heated
faster from the amorphous state than cooled from the equilibrium liquid. The calculations yield R c ⫽1 K/s and R h ⫽9
K/s. This suggests that the effect that nuclei formed during
cooling and heating are exposed to different growth rates to
a great extent accounts for the experimental finding of a large
difference between R c and R h . Further contributing factors
which have to be considered may be the following.
共i兲 Since the critical nucleus size decreases with undercooling, not only overcritical clusters 共nuclei兲 are quenched
in upon cooling, but also undercritical clusters. These undercritical clusters become overcritical at lower temperatures.
During reheating, their subsequent growth additionally contributes to the crystallization process, leading to an even
stronger asymmetry between the critical cooling and the
critical heating rate.
共ii兲There are indications in the Vit 1 system for a chemical decomposition process within the undercooled melt.15,16,4
These concentration modulations partially shift the composi-
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tion towards the composition of the primarily solidified
phase, which causes an increase of the nucleation probability. The resulting high nucleation rate would also lead to a
faster crystallization process upon reheating.
Both factors would lower the position of the maximum in
the nucleation rate and enhance the asymmetry of R c and
Rh .
At this point the question arises whether our experimental
findings should in general be found in metallic liquids or, if
under certain conditions, the asymmetry vanishes or is even
reversed. This would be the case if the maximum of the
nucleation rate was found above the maximum of the growth
rate. The interfacial energy is one parameter that strongly
affects the location of the maximum of nucleation rate. A
smaller interfacial energy will tend to raise the maximum of
the curve and could result in a crossover between nucleation
and the growth rate. Therefore, the interfacial energy was
varied in our simulation. The location of the maximum in
nucleation and the growth rate could be brought to a match if
an interfacial energy of 5⫻10⫺5 J/m2 was assumed. This
interfacial energy is three orders of magnitude smaller than
the value of 0.04 J/m2, obtained from the fit to the experimental TTT diagram. The interfacial energy is directly related to the entropy of fusion. Since all metals and alloys
show heats of fusions that are not far away from ⌬S
⬇8.3 J/g atom K, given by Richard’s rule, the interfacial energies in supercooled liquids for moderate undercooling 共far
about the isentropic temperature兲 are always of the order of
10⫺1 J/m2. Thus the assumption of much smaller values is
physically not reasonable.
The diffusivity in the supercooled liquid affects the maximum in growth as well as the maximum in nucleation rate.
The diffusivity is assumed to follow a hybrid equation as
mentioned above. At high temperatures the diffusivity is inversely proportional to the viscosity. Vit 1 is a relatively
‘‘strong’’ liquid,18 which means it exhibits a large viscosity
around the melting point of 2.5 Pa s and a large apparent
activation energy of 2.0 eV for flow.6 This contrasts with
most pure metals and alloys, which are considered ‘‘fragile’’
liquids with much lower viscosities at the melting point of
10⫺3 Pa s and an apparent activation energy of 0.5 eV.19
Thus, in general, the kinetics in other metallic systems is
much faster than in Vit 1, resulting in rapid crystallization.
We investigated if in such a metallic system the maximum in
the growth rate can be lowered in a way that it reduces or
eliminates the observed asymmetry. If we assume a fragile
liquid, the maximum in growth rate decreases. However, the
maximum in nucleation rate is also shifted to lower temperatures. Therefore, even in pure metals the asymmetry between
heating and cooling should be observed since no crossover
occurs. In other words, the present investigation shows more
generally that, if any metallic liquid is quenched and forms
an amorphous solid, it has to be heated even faster to retain
its noncrystalline state.
In conclusion, linear heating and cooling experiments
were performed on Vit 1 samples and a constant heating and
cooling diagram was determined. Cooling Vit 1 from the
equilibrium melt requires a rate of about 1 K/s to suppress
crystallization. In contrast, crystallization could only be
avoided upon heating amorphous Vit 1 with a rate as high as
200 K/s. The effect that nuclei, formed during cooling and
heating, are exposed to different growth rates to a great ex-
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tent accounts for the experimental finding of a large difference between critical cooling and heating rate. However, the
observed microstructures5 are much finer than would be expected after steady-state nucleation. This suggests that contributions such as phase separation and quenched-in under-

critical clusters further contribute to the large asymmetry between the measured critical cooling and critical heating rate.
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