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Abstract—Crystallization of undercooled R¢Ni,Cu,,P,, melts is studied in a differential scanning calor-
imeter. Isothermal experiments allow us for the first time to determine the entire crystallization kinetics of
a metallic liquid as a function of time from the liquidus temperature to the glass transition temperature. The
results are summarized in a time—temperature-transformation (TTT) diagram that reveals two time scales.
One is given by the time to reach 1% of crystallized volume fraction and reflects the typical “nose” shape
of the TTT-diagram. The other is the width of the crystallization event itself, which increases with decreasing
temperature from 90 s at 793 K to 10,200 s at 623 K. Additional information about the crystallization process
is gained by dividing the sample into about 300 particles that are processed simultaneously and crystallization
of each individual particle can be detected. At high temperatures the onset of crystallization of individual
particles are spread out over 21%F s, whereas all particles crystallize simultaneously below the nose and
the crystallization is not distinguishable from that of one large sample. The results suggest that the dominant
crystallization mechanism changes in a very narrow temperature range from a nucleation-controlled process
at high temperatures to a growth-controlled process at low temperafur@01 Acta Materialia Inc.
Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION gations of the transformation behavior under iso-
hermal  conditions from the supercooled
undercooled) liquid into crystalline phases. A
cal cooling rate as low as about 1 K/s when processggaragterlzatlon of th? .tlme. scgle for cryst.alhzatlon

under isothermal conditions is given by the time-tem-

in B 1]. The di f the La- [2 Zr-
in B2Os [1] e discovery of the La- [2] and Zr reﬁrature-transformation (TTT) diagram. In general, a

[3, 4] based alloys has triggered tremendous resea . . ) S
activity in this area. This led to the revisit of the pg-| I T-diagram describes the transformation kinetics

based alloys. By partially replacing Ni by Cu infrom .quuid to solid in an isothermal .experiment as a
PdoNiPs0 Inoue and  co-workers discoveredfu_nCt'O” of temperature. For metallic systems TTT-_
Pd,Ni;ClsoPso that shows a substantial improve_dlagr.ams have been meagurgd so far that only dgplct
ment of the glass forming ability [5]. Liet al. the time to reach crystallization. The first TTT-dia-
enhanced the glass forming ability even further bram for a metallic system was measured on the bulk
adjusting the Pd-composition with respect to Cu [lass forming liquid Z5Ti,.Cu; NijoBe,s with an
This resulted in the P@Ni,cCu,;Ps alloy, which has €lectrostatic levitator [7]. Very recently, PdNiCuP
the lowest critical cooling rate of all BMGs thus far.alloys were studied with an rf-heating apparatus and
The high stability of these quaternary PdNiCuP alloy$® TTT-diagrams were determined by inductively
against crystallization leads to a large experimentalfjeating the samples in graphite crucibles [8, 9]. These
accessible time and temperature window for investinvestigations determined the time scale to reach the
onset of crystallization and confirm the theoretically

predicted nose shape [10]. However, the time depen-
dence of the entire crystallization process, which is
+1T6£g_\;vg§_r21%||2c-:orrespondence should be addressed. F@f'\/en by the time to reach the onset of crystallization
E-mail address. schroers@hyperfine.caltech.edu (3and the time for the actual crystallization process to
Schroers) complete has not been studied over the temperature

In 1984 PdyNi,P, has been discovered as the firs
bulk metallic glass (BMG) forming alloy with a criti-
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range from the equilibrium liquid down to the glass
transition temperature, T,. The knowledge of the pro-
gression of the crystallization with time can provide
a deeper insight into the crystallization mechanism of
bulk metallic glass forming liquid.

Statistical methods are powerful toolsto investigate
crystallization of supercooled liquids [11, 12]. One
approach is to divide the sample into small particles.
It was found that much deeper undercoolings can be
achieved in samples consisting of a large number of
small isolated droplets than in one large sample [11].
However, those studies were limited to an undercoo-
ling region that is far above the nose temperature, T,
in the TTT-diagram. Recently, repeated undercooling
experiments were performed on Zr,,Ti;,Cu;,Ni oBess
[13]. These studies suggest a different crystallization
mechanism at low undercoolings above the crystalliz-
ation nose, compared to high undercoolings below T,
of the TTT-diagram.

This paper reports on a differential scanning calor-
imetry (DSC) study of crystalization in
Pd,sNi;oCu,,P,, melts that were processed in B,Os.
The evolution of the crystallized volume fraction as
a function of time can now be measured in the entire
supercooled liquid region under isothermal con-
ditions. A complete TTT-diagram will be determined
represented by 1%, 50% and 95% crystallized volume
fraction. In addition, information on the crystalliz-
ation process can be gained from experiments where
the sample is divided into about 300 particles that are
processed at the same time.

2. EXPERIMENTAL PROCEDURE

Amorphous samples were prepared by inductively
melting the constituents (purity ranging from 99% to
99.999%) in quartz tubes for 20 min at 1200 K fol-
lowed by water quenching. During this procedure the
samples were fluxed in B,O; that was previously
dehydrated for 3 h at 1200 K. It was found earlier
that fluxing the ternary PdANiP alloys with B,O,
enhances their glass forming ability [1]. Wavelength-
dispersive-spectrometer measurements were carried
out to verify the composition of the samples. Glassy
Pd,sNi;,Cu,,P,, samples between 2 and 30 mg and
additional B,O; were introduced into graphite cru-
cibles and processed in a Perkin ElImer DSC 7 ana-
lyzer. For the statistical investigations of the crys-
tallization process the samples were divided into
about 300 particles that were between 100 and 350
pm in diameter and processed in graphite crucibles
with a mixture of B,O; and Al,Os-particles. The
Al,O5-particles, about 50 um in size were used to
avoid fusing of the liquid particles during processing.

3. RESULTS

A DSC thermogram of an isothermal crystallization
event performed at 773 K, which corresponds to an
undercooling of 100 K below the liquidus temperature
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Fig. 1. DSC thermogram of an isothermal crystallization event
at 773 K. A rapid crystallization event sets in after 7680 s and
takes about 80 s to complete.

is shown in Fig. 1. The sample is a 3 mg particle
processed in B,O;. For about 7680 s no detectable
reaction takes place in the liquid. Thereafter, a very
rapid crystallization event occurs, which is enlarged
in the inset of Fig. 1. Figure 2 shows the time inte-
grals over the isotherma DSC signas at 773 K, 723
K, 703 K, and 628 K for about 3 mg samples pro-
cessed in B,Os. It is proportional to the crystallized
volume fraction if we assume that the hest flow meas-
ured upon crystallization in the DSC is proportional
to the crystallization rate. For an isothermal measure-
ment carried out at 773 K the time to reach 1% crys-
tallization, t,q, takes 7700 s. The time between 1%
and 95% of transformation into the crystalline state
is 80 s. In the following this time is referred to as the
peak width of the crystallization event. By repeating
this isothermal experiment, a large scatter in t,, was
observed. The peak width, however, stays constant
within about 50%. For 10 repetitions at 773 K, ty4,
varies between 96 s and 2.3x10* s. In an isothermal
experiment performed at 723 K crystallization occurs
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Fig. 2. Crystallized volume fraction as a function of tempera-
ture at 773 K (@), 723 K (b), 703 K (c), and 628 K (d). Note
that the x-axes have different scales.
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in avery similar way. The event shown in Fig. 2(b)
takes place after 890 s with a peak width of 120 s.
The experiment was also repeated 13 times and t,q,
varies between 200 and 2580 s for the fluxed samples.
For both temperatures of 773 and 723 K no reaction
inside the liquid can be detected before the rapid crys-
tallization event take place.

To further investigate if the liquid remains
unchanged until the occurrence of the main crystalliz-
ation event, a two-step annealing experiment was per-
formed. The samples were kept for 4000 s without
crystallization at 773 K and were subsequently cooled
to 723 K. The ty,, for 723 K measured for this pro-
cedure does not change on average compared to the
t10, Measured on samples that were cooled to 723 K
directly. This indicates, that the liquidus remains
unchanged until the detectable crystallization event
takes place at 773 K. This finding excludes processes
like transient nucleation where during the time to
reach crystallization an equilibrium cluster distri-
bution would have been established. For the two step
annealing the cluster distribution function would have
evolved towards equilibrium during the first step.
This should lead to a shorter time to reach crystalliz-
ation in the subsequent second step as opposed to the
experimental finding.

Crystallization at 703 K shown in Fig. 2(c) takes
place more gradually compare to the crystallization
event at 773 and 723 K. Even though 1% is transfor-
med after 188 s the beginning of the exothermic reac-
tion can aready be detected after 100 s. The scatter
of t,,, decreases to 60 s within four experiments. At
628 K the crystallization peak broadens up to 5080
s. Very little scatter (~400 s) was observed within
three experiments. Figure 3 depicts the scatter in the
time to reach crystallization during isothermal crys-
tallization for three temperatures, 773 K (a), 723 K
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Fig. 3. Repeated undercooling experiments performed at 773

K (), 723 K (b) and 653 K (c). A large scatter for temperatures

above 720 K was observed in the time to reach crystallization

from one cycle to another compare to the scatter at 653 K.
Note that the y-axes have different scales.
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(b) and 653 K (c). For the high temperatures above
720 K a large scatter in the time to reach crystalliz-
ation was found, whereas at 653 K only very little
scatter in the time to reach crystalization was
observed.

The results of the isothermal crystallization experi-
ments are summarized in the time-temperature-trans-
formation diagram shown in Fig. 4. In this TTT dia-
gram, the time to transform 1%, 50% and 95%
volume fraction is plotted as a function of tempera-
ture. The data points represent the averages of ty,
tso0 @Nd tese, fOr the performed experiments. The dia-
gram shows the typical “nose” shape for the time to
reach 1% crystallinity and this time is in good agree-
ment to previously reported times to reach the onset
of crystallization [9]. The width of the crystallization
peak, however, continuously increases with decreas-
ing temperature from 80 s at 773 K up to 10,200 s
for an isothermal temperature of 623 K.

In order to investigate the observed scatter in t,q,
crystallization was studied in samples that consist of
many particles. Figure 5 shows the DSC thermogram
of isothermal crystallization at 733 K of a sample
containing about 300 particles with a diameter
between 100 and 350 pm (5x10© to 2x10 “ g) that
were processed in a mixture of B,O; and Al,Os. The
size of the particles was chosen in such a way that
the crystallization of individual particles can still be
detected by DSC as shown in Fig. 5. Obviously, crys-
tallization of the particles does not occur simul-
taneously but spreads out over more than 1.5x10° s.
After 1.5x10° s the sample was cooled to room tem-
perature and on subsequent heating a heat release that
corresponds to 15% of the heat release of an entirely
amorphous sample was detected. Therefore, about
15% of the particles did not crystalize even after
1.5x10° s. From this measurement the number of
crystallization events occurring within a time interval
of 6000 s is plotted as a function of time as shown
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Fig. 4. Time-temperature-transformation (TTT) diagram for

Pd,3sNi;oCuy7Py. In this diagram, the time to reach 1% (O),

50% (©) and 95% (e) is shown as a function of temperature.

The data points depict the average times of the performed
experiments.
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Fig. 5. DSC thermogram of 300 particles processed in B,Os

and Al,O; at 733 K. The particles size is between 100 um and

350 pm in diameter. Crystallization of individua particles can
be detected.

in Fig. 6. The crystallization events are Poisson dis-
tributed. By plotting the number of nucleation events
as afunction of time the nucleation rate at 733 K can
be extracted from the slope of this curve. This is
shown in Fig. 7. The curve is not straight but exhibits
a gradual decrease of the slope. The decline of the
slope can be explained by a decreasing amount of
particles that till remain liquid, and have a prob-
ability to nucleate which should follow a I(t) = I
xexp(—t/7)(r = 3x10* characteristic time) time
characteristic. By fitting the curve with this
expression the steady state nucleation rate at 733 K
can be evaluated to be 4x10° nuclei/m? s.

The particles vary in size between 100 and 350 pm.
In Fig. 8 the heat release, which is proportiona to the
size of the corresponding particle, is shown as a func-
tion of time at which the particle crystallized at 753
K. This plot reveds, that larger particles do on aver-
age crystalize earlier than smaller ones.

In order to study the growth mechanism the width

crystallization events

time (10° s)

Fig. 6. Number of crystallization events in a time interval of

6000 s as a function of time, crystallized at 733 K.

Q
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Fig. 7. Number of the crystallization events as a function of
time, N(t), crystallized at 733 K. For this sample setup a steady
state nucleation mechanism results in an apparent decrease of
the nucleation rate, which is the slope of this curve. This has
its origin in the fact that the particles once they are crystallized
no longer contribute to the potential nucleation sides, which
should follow a I(t) = lsgxexp(—t/7) (r = 3x10* characteristic
time) time characteristics. By fitting the curve with this
expression, |sg can be evauated to 4x10° nuclei/m® s.
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Fig. 8. Heat release of the crystallization event, which is pro-

portional to the volume of the particles as a function of the

corresponding time, at which the event occurs. On average,
larger particles crystallize earlier than smaller ones.

of the crystallization event is plotted in Fig. 9 as a
function of the corresponding particle volume for a
temperature of 733 K. The width is given as the time
between 1% and 95% crystallization. As opposed to
the enormous scatter in the time to reach crystalliz-
ation the peak width varies much less for the different
particles but depend on the particle size. The inset
depicts a V vs. peak width on alog scaled plot show-
ing the width being proportional to V¥3. This suggests
that diffusion occurs over a constant length per unit
time in each sample.

With the 300 particle containing sample setup iso-
thermal crystallization studies were performed at tem-
peratures representing the entire undercooled liquid
temperature range as shown in Fig. 10. The crystalliz-
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Fig. 9. Width of the crystallization peak, which we define as

the time between 95% and 1% crystallization, as a function of

the corresponding heat of crystallization (~particle volume).

The inset depicts a V-peak width plot on alog scale showing
the width proportional to V2,
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Fig. 10. Isothermal DSC thermograms measured on a sample

containing about 300 particles with diameters between 100 and

350 um. (a) 753 K, (b) 723 K, (c) 718 K, and (d) 643 K.

Between 723 K and 718 K a change in the crystallization mech-

anism is observed. For temperatures below 718 K crystalliz-
ation occurs simultaneoudly in all the particles.

ation of the individual particles at 753 K is spread
out over 78,000 s and 65% of the particles do not
crystallize within this time period [Fig. 10(a)]. At 723
K the data ook very similar. However, the time over
which the events are spread out decreases to 42,000
s and only 10% did not crystallize over this time per-
iod [Fig. 10(b)]. Lowering the temperature by only 5
K to 718 K results in a very different DSC thermo-
gram which is shown in Fig. 10(c). More than 95%
of the sample crystallized simultaneously after 240 s
within 200 s. The residua liquid particles do crys-
tallize within 3x10% s. Amazingly, for lower tempera-
tures the crystallization event of the 300 particle sam-
ple can not be distinguished from a sample that
contains just one bulk particle as can be seen in
Fig. 10(d).
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4. DISCUSSION

In the following we will show that conventional
approaches fail to describe the time and temperature
dependence of the crystallization process over the
entire undercooling region. The influence of hetero-
geneous nucleation and phase separation on the crys-
tallization process will be discussed especially with
respect to the crossover from statistical nucleation
events at high temperatures to a collective crystalliz-
aion at low temperature, which occurs in a narrow
temperature range.

4.1. Seady state nucleation

The volume fraction crystallized under isothermal
conditions with a steady state nucleation rate is com-
monly described by the Johnson—M ehl-Avrami—Kol-
mogorov expression [14]

X(t) = 1—exp[ —gu3l Sst“] (@)

| ss denotes the nucleation rate given by

1670° )

A
nmexp< seTagm? @

lsg(T) =

with A, as a constant of the order of 10°2 Pas/(m? s),
n the viscosity, Ag the difference in Gibbs free
energy, kg the Boltzmann's constant, ¢ the energy of
the interface between nuclei and liquid and u the
growth rate. According to Nishiyama and Inoue [15]
the temperature dependence of the viscosity in
PdoNioCuzoP, can be described by a Vogel—
Fulcher—=Tamann expression, 71 = n.exp(D*Ty/(T—
To)), with ng=9.34x10"2 Pas, the fragility para
meter D* =9.25, and T, =447 K. The temperature
dependence of Ag was estimated using Turnbull’slin-
ear expression of Ag=ASK(T,,—T) [16], with the
entropy of fusion, AS- = 8.03 Jmol K and the liqui-
dus temperature, T, = 873 K [6]. The diffusion lim-
ited growth rate is described by u= D/(2(Dt)¥?)
where D is the diffusivity. To fit the nucleation
behavior, we deduced the nucleation rate at 753 K to
be 10* nuclei/m® s, since in the isothermal experi-
ments one nucleus formed on average after about
1000 s within the sample. A nucleation rate of 10
nuclei/m? s can be derived from the microstructure of
a Pd,oNiyoCusoP, sample crystallized isothermally at
the nose of the TTT-diagram at 673 K [8]. The tem-
perature dependence of the diffusivity was estimated
by the Stokes-Einstein equation, D = kgT/(37na),
with an average atomic distance of a = 3.1 A. Thefit
of the initial stages of the crystallization, which can
be described by Xx(t) = #/3lgcut* gives reasonable
numbers for the interfacial energy [17] of 79 mJ and
A, = 1x10% Pagm® s.
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For simplicity we assume the growth rate u to be
constant and we take the constant value at tsgy,. This
is justified by the experimenta finding that the total
time for crystallizing the sample is proportional to
VY3 (see Fig. 8) suggesting diffusion over a constant
length. The crystallization rate can then be calculated
by differentiating equation (1) resulting in

o) _4n

3] 13, _E 3 4
p 3u It exp[ U3l et ] (3)

3

for a steady state nucleation mechanism and

m— SNIf2, ,753 3
at = muNt%exp 3u Nt 4

for the case where a number N of pre-existing nuclei
is present.

In Fig. 11 the calculated crystalization event
according to equation (3) with the above mentioned
parameters are depicted by the doted lines. At 773 K
the steady state nucleation rate amounts 1x10?
nuclei/m* s and the growth rate 3x10~° m/s which
give a maximum at 720,000 s with a peak width of
1,010,000 s. Those times are so far off the scale of
the plot that they cannot be visualized on the plot.
The same is true for the following temperatures. The
calculated peak at 723 K has a maximum at 3807 s
and a width of 5622 s using lss = 1x10* nuclei/m® s
and u = 7x101° m/s. For 703 K the calculated peak
has a maximum at 2097 s with a peak width of 2900

1 1 L I P 1 v 1

0 1000 2000 3000 4000 5000 6000 7000 8000

heat flow

1
10000 15000
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Fig. 11. DSC thermograms of isothermal crystallization events
(solid line) at (8) 773 K, (b) 723 K, (c) 703 K, and (d) 628
K. The dotted line represents the calculated crystallization rate
according equation (3) with |s calculated as described in the
text. These data are magnified in the y-direction to compare
them in the same plot to the measured events. In order to fit
the crystallization peak of 773 and 723 K it was assumed that
the liquid remains unchanged until about t;,,. With a sub-
sequent nucleation rate the peaks can be fitted according to
equation (3) shown by the dashed lines in (a) and (b). For 628
and 703 K the dashed line represents calcul ations according to
equation (4).
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s using lsg = 1x10% nuclei/m® s and u = 3.6x101°
m/s. The calculated crystallization peak at 628 K
with lsg = 1x10" nuclei/m® s and u = 1.6x10"12 m/s
has a maximum at 36,500 s with a peak width of
52,537 s. Obviously, for all temperatures these calcu-
lations do not describe the underlying crystallization
mechanism.

4.2. Seady state nucleation triggerning further
nucleation

The above considerations have clearly shown that
it is not possible to describe the entire crystallization
using one single steady state nucleation mechanism.
However, the experimental findings lead to the con-
clusion that in the high temperature region the first
nucleus in each of the samples forms according to a
steady state nucleation process. As pointed out in Sec-
tion 3, (1) the liquid remains unchanged until crys-
tallization sets in and (2) at temperatures of 723 K
and above an enormous scatter in t,o, Was observed,
which is aso reflected by the large spread of
nucleation events of the samples that were fragmented
into many fine particles. These crystallization events
are Poisson distributed. (3) The time to reach crys-
tallization as well as the peak width depend on the
size of the particles. (4) The finding, that t,,, does not
change whether the sample was cooled to 723 K
directly or was first kept for 4000 sat 773 K and then
cooled to 723 K indicates, that the liquidus remains
unchanged until the detectable crystallization event
takes place at 773 K. This result excludes processes
like transient nucleation where during the time to
reach crystallization an equilibrium cluster distri-
bution would have been established. For the two step
annealing the cluster distribution function would have
evolved towards equilibrium during the first step.
This should lead to a shorter time to reach crystalliz-
ation in the subsequent second step as opposed to the
experimental finding.

All these four findings are indicative of steady state
nucleation, which occurs aso in pure metals for mod-
erate undercooling close to the melting point. The
time scale to reach the onset of crystallization (~t;)
is up to three orders of magnitude larger than the time
scale for each crystallization event itself, which is
given by the time difference, tosy,—ti. This sub-
sequent rapid crystallization requires either a fast
growth mechanism or a sudden dramatic increase in
the nucleation rate. The finding that the crystallization
time is proportional to V¥3 indicates that diffusion
occurs over a constant length per unit time like for a
eutectic growth mechanism. A growth rate of 1076
m/sis required to result in such arapid crystallization
mechanism. The theory for eutectic growth [18]
sensitively depends on unknown parameters like the
partition coefficient and the slope of the liquidus
curves. This makes reasonable modeling of this
mechanism impossible. This view is supported by the
finding that the microstructure of a sample crys
tallized from a high temperature shows a fairly fine
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structure [19], in contrast to what is observed in pure
metals or solid solutions [20]. This microstructure
suggests a multiple nucleation mechanism rather than
eutectic growth. If we assume that the liquid at 773
K remains unchanged until the first nucleus forms
after 7200 s and a subsequent rate of Ig,, = 10"
nuclei/m® s, the measured peak can be described by
equation (3) as shown in Fig. 11(a) by the dashed
line. The same scenario can describe the measured
crystallization event at 723 K. In this case the first
nucleus forms after 890 s and Iy, = 10'®5 nuclei/m®
s [dashed line in Fig. 3(b)]. This apparent contradic-
tion can be explained qualitatively in the following
way. The first nucleus forms according to alow initial
steady state nucleation rate, which is reflected in the
time scale to reach crystallization in the TTT diagram
(Fig. 4). This nucleus, then, triggers further
nucleation. One explanation for this scenario is that a
nucleus changes the composition in its neighborhood
since the composition is close to eutectic composition
where crystallization is far from polymorphic. This
results in an enhancement of the nucleation rate
adjacent to the nucleus, which causes a chain reac-
tion-like process, that would lead to a much higher
nucleation rate than in the initial liquid. The good
agreement between the calculated and measured crys-
tallization rate confirms that the nucleus that is
initially formed by steady state nucleation triggers
further nucleation and leads to fast crystallization.
Even though a fixed second nucleation rate describes
the form of the crystallization peak reasonably well
[Fig. 11(a,b)], we cannot unambiguously decide if
this (second) triggered nucleation is steady state
nucl eation.

4.3. Instability of the undercooled liquid

We observe a dramatic change of the crystalliz-
ation of an ensemble of samples from individua crys-
tallization above 723 K to collective crystallization
below 718 K (Fig. 10). All 300 particles crystallize
simultaneously and the signa is indistinguishable
from the crystallization event of one large sample.
Fluxed and unfluxed samples exhibit very similar t,q.
Very little scatter is observed for ti. An “internal
clock” defines the time for crystalization below this
transition region. This suggests that no considerable
nucleation barrier for the formation of crystals exists
below the small transition range. The spontaneously
formed or pre-existing nuclei simply grow and dif-
fusion determines the crystalization rate. Several
scenarios have to be considered in order to better
understand this result of the present investigation.

1. If we consider homogeneous nucleation the
nucleation barrier decreases with undercooling. If
the nucleation barrier becomes smaller than the
thermal energy, nucleation will occur spon-
taneously everywhere in the undercooled liquid.
“Catastrophic nucleation” is occurring and the
liquid becomes unstable with respect to the forma-

tion of crystals. The crystallization of both the div-
ided and an undivided samples is determined by
the growth of these nuclei. It is however question-
able that this transition can occur in a smal tran-
sition interval of only 5 K. In addition, we estimate
that with our thermodynamic data and a reason-
able interfacial energy the nucleation barrier under
the assumption of homogeneous nucleation is till
two orders of magnitude higher than the thermal
energy in the transition range between 718 and
723 K. Another argument against homogeneous
nucleation is that catastrophic nucleation should
result in a nanometer scale microstructure since
nuclel consists of a small number of atoms cover-
ing the entire sample. This is in contradiction to
the observed pm size microstructure. Therefore,
homogeneous nucleation is an unlikely cause for
the crystallization.

. A factor that can aso influence the stability of the

undercooled melt is phase separation in the super-
cooled liquid. In this scenario the supercooled
liquid would become unstable with respect to com-
position fluctuations in the vicinity of the tran-
sition region. This would happen in al samples,
the large samples as well as the divided samples.
The reason is, that the wavelength of a phase sep-
aration into two supercooled liquids (typicaly in
the order of 1078 m) will be much smaller than
even the smallest sample (~10* m). If one of the
supercooled liquids has a drastically reduced
nucleation barrier, this destabilizes the melt with
respect to the formation of crystals. It hence results
in spontaneous nucleation in al samples. This
could account for the merging of al crystallization
peaks in the divided samples. For Zr,,Ti,;,Cu,,
NioBe,s (Vit 1) it was found earlier that upon
cooling from the stable melt a decomposition pro-
cess occurs [21] that leads to spontaneous crys-
tallization in distinctive regions of the supercooled
liquid [22]. In the Pd,3Ni;oCu,,P,, aloy two glass
transition temperatures have been observed after
annealing the material above the glass transition,
indicating that decomposition processes in fact
occur in the melt [23]. However, so far we have no
prove that decomposition occurs in the transition
region between 718 and 723 K.

. The most likely cause for the observed crossover

to collective crystalization is the influence of het-
erogeneous sites on the crystallization process. If
we assume that heterogeneities are present in the
melt, their number density and size depends on the
purity of the constituents and the processing con-
ditions. In genera the critical volume of a nucleus
is reduced by the heterogeneous site and thus
facilitates nucleation. This depends on the catalytic
activity, the wetting behavior of the melt on the
heterogeneous site, and the size of the hetero-
geneous particles. This is reflected in a reduction
of the average onset time for crystallization in an
isothermal experiment compared to homogeneous
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nucleation. The finding that at high temperatures
the time to reach nucleation takes up to several
thousand seconds showed that nuclestion is still
required. Therefore, the active size of the hetero-
geneities is smaller at high temperatures than the
critical cluster radius. However, when the cross-
over range is reached and the critical cluster radius
is decreased the heterogeneous particles become
overcritical. Therefore, spontaneously the samples
are filled with nuclel at a density that corresponds
to the density of the heterogeneous nucleation
sites. These nuclei then simply grow with time. As
soon as al nucle start growing, the nucleation rate
drops sharply since the remaining matrix is till
very robust against homogeneous nucleation. This
scenario is supported by microstructural investi-
gations, where it was found that upon isothermal
annealing at temperatures below 710 K the number
of nuclei does not increase with time [19]. In order
to fit the experimental results in the low tempera-
ture region, which has been performed for 703 and
628 K a much larger number of nuclei as given
by the steady stete rate is required that increases
in this temperature range as opposed to the steady
state rate. Following equation (4) for pre-existing
nuclei the measured peaks can be best fitted with,
N =10 m~3for 703 K and N = 10> m~2 for 628
K. Compare to the number of nuclei of N =10
m~3at 673 K derived from microstructural investi-
gation of Pd,oNi,CusoP,o aloys [8] the fitted one
is four orders of magnitude off. However, this
agreement is satisfactory if we take into account
that the number extracted from the fit depends
sensitively on the parameters used for the calcu-
lations. If, for example, the diffusivity, which was
obtained from the viscosity assuming the validity
of the Einstein—Stokes equation, is one order of
magnitude off, then the extracted N changes by
three orders of magnitude. Considering the com-
plexity of the crystallization mechanism the calcu-
lations represents a rough estimation which never-
theless accounts for the substantial part. In detail,
there are till some discrepancies between the
measured and calculated crystallization peak. For
example, in arecently developed qualitative model
by Bossuyt [24] it was claimed that for tempera-
tures below the nose in the TTT diagram the heat
release upon crystallization enhanced both, the
nucleation and growth in the crystal neighborhood.
This contribution would increase the crystalliz-
aion rate and leads to a sharper increase of the
crystallization event as observed in the experi-
ment.

Preliminary experiments show that in higher purity
Pd,sNi;,Cu,,P,, a decrease of the temperature of the
transition region to collective crystalization. This
also supports the view, that spontaneous nucleation
on catalysts initiates crystallization. Studies of other
Pd-based alloys suggest as well that the crystaliz-
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ation process is influenced by heterogeneities [15,
25].

Although the discussion of the experimental results
favors that heterogeneous nucleation at impurities
causes the spontaneous formation of the nuclei, a
decomposition process or catastrophic nucleation can-
not be excluded as an influencing factor to the
observed transition. For Vit 1, where a decomposition
process strongly influenced crystallization [22, 26, 27,
28] and impurities show only minor influence on the
crystallization it has been found, that there is an
undercooling level below which a history dependent
crystallization takes place [29]. This transition tem-
perature is closed to the “nose” temperature and for
undercoolings above this temperature the results sug-
gest the liquid remains unchanged whereas below an
irreversible process takes place.

Even though the activation energy for nucleation is
two orders of magnitude higher than the thermal
energy in the transition temperature region, one has
to keep in mind that the activation energy was calcu-
lated for a sharp interface. However, a diffuse inter-
face [30] would result in a significantly lower acti-
vation energy. A study of the influence of the ingot
purity and the fluxing with B,O5; might enable to clar-
ify the origin of the transition from nucleation to
growth controlled crystallization.

5. CONCLUSIONS

In conclusion, the crystallization of
Pd,sNi,,Cu,,P,, was investigated under isothermal
conditionsin a DSC. These investigations allow us to
determine the entire crystallization kinetics, i.e., the
time to reach crystallization and the time for the
actual crystallization process. This is represented in
the crystallized volume fraction as a function of time
and temperature and leads for the first time to the
construction of acomplete TTT-diagram for the trans-
formation kinetic of an undercooled metallic melt into
the crystalline state. This diagram reveals two differ-
ent time scales. The peak width of the crystallization
events increases over two orders of magnitude with
decreasing temperatures. The time to reach crystalliz-
ation shows a “nose” shape. Modeling the crystalliz-
ation requires two different mechanisms. Describing
the measured crystallization rate at low temperatures
with a common isothermal model requires a large
number of pre-existing nuclei. Crystallization at high
temperatures can be best described by assuming a ste-
ady state nucleation process, which initiated crys-
tallization and triggers further nucleation.

Statistical investigations were carried out by divid-
ing the sample into up to 300 particles. The experi-
mental results suggest a change in crystallization
mechanism with a very sharp transition from high to
low temperatures. At high temperatures an enormous
scatter in the time to reach crystalization was
observed. The time-scale to reach crystallization is up
to three orders of magnitude larger than the time-scale
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of the crystallization event. This suggests that the
time to reach crystallization is nucleation controlled
and the crystallization process itself causes further
nucleation reflecting in the narrow crystallization
peak. In the low temperature region very little scatter
of ty,, was observed in fluxed and unfluxed samples
and is independent of the sample size. This suggests
that the supercooled liquid becomes unstable with
respect to the nucleation of crystals, which means that
nuclel form spontaneously over the entire sample.
This results in the fact that the growth of the crystals
solely determines the time scale of the crystallization
process. Describing the measured crystallization rate
at low temperatures with a common isothermal model
requires a large number of pre-existing nuclei.
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