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Pronounced asymmetry in the crystallization behavior during constant heating and cooling
of a bulk metallic glass-forming liquid
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The crystallization behavior of the supercooled bulk metallic glass-formipg Z5Cu;,Ni; Be,; 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 ratds§0163-182809)07441-X

The ability to form a glass by cooling from the equilib- measured using a thermocouptgpe K) with an accuracy
rium liquid is equivalent to suppressing crystallization within better thant2 K. Details of the experimental setup can be
the supercooledundercooled liquid. One of the central found elsewheré&?
guantities in theoretical and experimental studies of glass Amorphous and crystalline Vit 1 samples were heated
formation is the critical cooling rat®. to bypass crystalli- with rates between 0.6 and 200 K/s. The digitally recorded
zation upon cooling from the stable mélCritical cooling  temperature-time profiles were differentiated and are plotted
rates of monoatomic metallic systems are typically of theversus temperature in Fig. 1. Prior to each heating procedure,
order of 162 K/s. In contrastR, of recently discovered mul- the sample was heated to 1175 K and subsequently cooled to
ticomponent bulk metallic glass-forming alldysis of the  room temperature with a rate of 5 K/s, which resulted in the
order of a few K/s. This excellent glass-forming ability en- formation of an amorphous sample. Crystalline samples were
ables investigations of crystallizatidri, viscosity® and  prepared by cooling from 1175 K with a rate of 0.2 K/s. The
diffusion”® as well as relaxatichin the supercooled liquid crystallization of the melt in a heating experiment is detected
region. The critical cooling rate of £4Ti1,Cu;-NijgBeys (Vit by a temperature rise, so-called recalescence, which has its
1), studied in this work, is about 1 K/S.In contrast, crys- origin in the release of the heat of fusion at the solid/liquid
tallization of amorphous Vit 1, previously investigated by interface during crystallization. The recalescence leads to an
differential scanning calorimet®SC) upon heatind could  increase of the heating rate. The onset of recalescence is
not be avoided up to the maximum heating rate of the DSQnarked by arrows in Fig. 1. With increasing heating rate the
of 5 K/s and the critical heating rate has not been determinedrystallization temperatures shifted to higher temperatures.
yet. The critical heating ratR,,, the counterpart of the criti-
cal cooling rate upon heating, is the lowest rate an amor- e
phous sample can be heated through the entire supercooled gL
liquid region without crystallization. i

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 ofR. and R, results from the fact that nuclei 1L
formed during cooling and heating are exposed to different ;
growth rates, which is likely to be a general feature for me- . . L
tallic systems. 600 800

The investigations were performed in high-purity graphite
crucibles since heterogeneous surface nucleation at the con-
tainer walls does not effect the crystallization of the bulk Vit FIG. 1. Derivative of the temperature-time profile, recorded dur-
1 sample? The samples were mounted into the graphite cruding heating of amorphousolid line) and crystalline(dashed ling
cibles and inductively heated in vacuum of fOmbar or in Vit 1, vs temperature. The onset of recalescence is marked by ar-
a titanium-gettered argon atmosphere. The temperature wagws.
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ation barrier.T denotes the absolute temperature, &nid
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.
Further influences such as, for example, decomposition pro-
cesses, have to be considéred’ to explain the fine micro-
structures of Vit L At this point, however, to discuss the
different growth kinetics on crystallization the simplified ap-
proach of steady-state nucleation serves as a sufficient
model.

The activation energy to form a critical nucleus is given
by AG* =16w/3xc3/AG?. Here o denotes the energy of

- 10 — ”“1'00 E— the interface between the melt and a nucleus Al the
time (s) difference in Gibbs free energy between the solid and liquid
phases. Assuming diffusion-limited growth, the crystalline

. . . i ) . growth velocity can be described by
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. Diamof#$ denote

the onset of crystallization for samples cooled from the equilibrium
melt. The onset of crystallization for samples heated from the amor-
phous state is shown by circlé®). The critical cooling rate of with the interatomic spacing. The temperature dependence
about 1 K/s and the critical heating rate of approximately 200 K/sof the effective diffusivity is described by a hybrid equation
are denoted by the dashed and solid lines, respectively. that was proposed ecarli®fThe interfacial energyr=0.04

No crystallization was observed upon heating amorphous Vi¢/m andA=10""* were taken from a least-squares fit o the
1 with a rate of 200 K/s. In contrast, melting could still be iSothermal temperature-time-transformatidiT) diagram:
detected during heating crystalline Vit 1 with the same rateDSC results from Ref. 11 were taken as an estimaté\fer

At this high heating rate, the amorphous sample is heateffonsidering three-dimensional growth and a steady-state
through the entire supercooled liquid regime from the glasglucleation rate, the time-dependent volume fractiorf
transition temperature into the equilibrium melt without a crystallized material is obtained by

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

D p( AG)
a 1—ex T/ (2)

u:_

3

4 [t t
X(t)Z?fOI(T,T) fu(T,T’)dt' dr. 3

sample. In agreement with previous restiwe found a g cooling and heating and plotted versus temperature in
critical cooling rate for Vit 1 of about 1 K/s. However, the g 3 y increases continuously upon cooling from the liqui-
critical heating rate of approximately 200 K/s is about two  ,« temperaturd;, with 1 K/s and becomes approximately
orders_ of magnitude Iarger. A difference in crystallizatiqn constant at 600 PEcurve (a) in Fig. 3]. The calculation was
behavior between cooling from the stable melt and heatingg minated at 500 K due to the freezing of the crystallization
the amorphous sample was also suggested for thginetics The total crystallite volume fraction of X80~
NioPhoP20 bulk metallic glass-forming systgi‘ﬁ. . would not be observed in the thermocouple signal of the
In an experiment, the onset of crystallization is SomeWhabresent experimental setup. Continuing the simulation by

arbitrarily defined as the point in time where the crystallineheaﬂng the sample with the same rate of 1 K/s leads to the
volume fraction within the melt reaches some small but f'n'tedetection of the onset of crystallizatior 1x 10-3) at 820

value. With the present setup a crystallized volume fractior [curve (b) in Fig. 3]. For comparison, a simulation with a
of about 10 2 can be detected. The exact value of the detect: erfectly amorphous sample, heated with 1 K/s, is also

able volume fraction has, however, marginal influence on théhown in Fig. Jcurve(c)]. Here the crystallization becomes
present discussion. Crystallization of a melt requires the foryaiactable at 880 K.

mation of nuclei and subsequent growth of crystalline
phases. Within classical nucleation theory,
nucleation rate

For steady-state nucleation, the number of nuclei formed
the steady stalgring heating of a perfectly amorphous sample up to the
liquidus temperature is exactly the same as the number of
nuclei formed during cooling fronT;, down to the glass
Iss=AD exp{— KT (1)  transition temperaturé,. However, the nuclei formed dur-
ing cooling are exposed to different growth rates than nuclei
is the product of a constadt an effective diffusivityD, and  formed during heating. The nucleation rate and growth rate
the thermodynamic Boltzmann factor to overcome the nucleaccording to Eqs(1) and (2), respectively, were calculated
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LA AL L L~ = tion towards the composition of the primarily solidified
10ME (b)/« 4 phase, which causes an increase of the nucleation probabil-
] ity. 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 asymmetrR ofind
Ry .
\(a) ! 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
3 nucleation rate was found above the maximum of the growth
A rate. The interfacial energy is one parameter that strongly
1000 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
FIG. 3. Calculated crystallized volume fraction according to EQ.ygried in our simulation. The location of the maximum in
(3), for linear heating and cooling of Vit 1. Cooling from the equi- nycleation and the growth rate could be brought to a match if
librium melt (a) with 1 K/s results in a volume fraction of crystal- an interfacial energy of 10~° J/n? was assumed. This
lized material of 3.5 10" *. Reheating this sample with 1 KI8) o rfacial energy is three orders of magnitude smaller than

leads to the detection of the onset of the recalescence at 820 K. Fihe value of 0.04 J/A obtained from the fit to the experi-
heating a perfectly amorphous sample with 1 Kscrystallization ental TTT diagram., The interfacial energy is directly re-

becomes detectable at 880 K. The inset shows the nucleation raFéted to the entro of fusion. Since all metals and allovs
Iss (solid line) and growth ratau (dashed ling calculated with the Py ) y

above-mentioned parametgiRef. 13, according to Eqs(l) and show heats of fu§|ons that' are ,not far avyay frcn@
(2), respectively. ~8.3 J/gatomK, given by Richard’s rule, the interfacial en-

ergies in supercooled liquids for moderate undercoolfag
with the above-mentioned parameters. The maximum of thebout the isentropic temperatlii@e always of the order of
growth rate at 985 K is at a much higher temperature tharl0~* J/n?. Thus the assumption of much smaller values is
the maximum of the nucleation rate at 840(ikset in Fig.  physically not reasonable.
3). Therefore, upon heating a perfectly amorphous sample, a The diffusivity in the supercooled liquid affects the maxi-
large number of nuclei have formed at the temperature whersmum in growth as well as the maximum in nucleation rate.
the nucleation rate has a maximum. During further heatingThe diffusivity is assumed to follow a hybrid equation as
these nuclei are exposed to the maximum growth rate, resultnentioned above. At high temperatures the diffusivity is in-
ing in a high crystallization rate. In contrast, upon coolingversely proportional to the viscosity. Vit 1 is a relatively
from Ty, the maximum number of nuclei formed at the “strong” liquid, *® which means it exhibits a large viscosity
same temperature will experience lower growth rates duringiround the melting point of 2.5 Pas and a large apparent
further cooling toT,, leading to a low crystallization rate. activation energy of 2.0 eV for floR.This contrasts with
The result is that a higher volume fraction of crystallites most pure metals and alloys, which are considered “fragile”
formed during heating of a perfectly amorphous sampleliquids with much lower viscosities at the melting point of
compared to the one crystallized upon cooling with the sam@0~2 Pas and an apparent activation energy of 0.5'%V.
rate fromT,,. If the effect of quenched-in nuclei is taken Thus, in general, the kinetics in other metallic systems is
into account, the difference is even larger. Consequently, tenuch faster than in Vit 1, resulting in rapid crystallization.
keepx below the detection level, the sample has to be heateWe investigated if in such a metallic system the maximum in
faster from the amorphous state than cooled from the equithe growth rate can be lowered in a way that it reduces or
librium liquid. The calculations yielRR.=1 K/s andR,=9  eliminates the observed asymmetry. If we assume a fragile
K/s. This suggests that the effect that nuclei formed durindiquid, the maximum in growth rate decreases. However, the
cooling and heating are exposed to different growth rates tenaximum in nucleation rate is also shifted to lower tempera-
a great extent accounts for the experimental finding of a largeures. Therefore, even in pure metals the asymmetry between
difference betweefR. andR,,. Further contributing factors heating and cooling should be observed since no crossover
which have to be considered may be the following. occurs. In other words, the present investigation shows more
(i) Since the critical nucleus size decreases with undergenerally that, if any metallic liquid is quenched and forms
cooling, not only overcritical cluste@ucle) are quenched an amorphous solid, it has to be heated even faster to retain
in upon cooling, but also undercritical clusters. These underits noncrystalline state.
critical clusters become overcritical at lower temperatures. In conclusion, linear heating and cooling experiments
During reheating, their subsequent growth additionally conwere performed on Vit 1 samples and a constant heating and
tributes to the crystallization process, leading to an evermooling diagram was determined. Cooling Vit 1 from the
stronger asymmetry between the critical cooling and thesquilibrium melt requires a rate of about 1 K/s to suppress
critical heating rate. crystallization. In contrast, crystallization could only be
(ii)There are indications in the Vit 1 system for a chemi-avoided upon heating amorphous Vit 1 with a rate as high as
cal decomposition process within the undercooled Méft:* 200 K/s. The effect that nuclei, formed during cooling and
These concentration modulations partially shift the composiheating, are exposed to different growth rates to a great ex-
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tent accounts for the experimental finding of a large differ-critical clusters further contribute to the large asymmetry be-
ence between critical cooling and heating rate. However, théween the measured critical cooling and critical heating rate.
observed microstructurgsre much finer than would be ex-  This work was supported by the National Aeronautics and
pected after steady-state nucleation. This suggests that cogpace AdministratioriGrant No. NCC8-11pand the De-
tributions such as phase separation and quenched-in undgrartment of EnergyGrant No. DEFG-03086ER45242
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