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Abstract— Using high-performance differential scanning calorimetry, crystallization processes in pure metals
and some binary alloys on their basis have been investigated. Heat flow jumps are detected at crystallization
upon reaching the liquidus lines. It is assumed that these phenomena are associated with the formation of
large amounts of local microvolumes (concentration fluctuations) enriched with a component causing crys-
tallization in the liquid. Their appearance precedes the spontaneous processes of the formation and growth

of the crystals of a new phase.
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INTRODUCTION

The theoretical analysis of crystallization processes
goes back to Kurdyumov, Meyl, and Mirkin [1, 2],
who described the kinetics of this process. Further, the
analysis was based on the ideas of Gibbs, which made
it possible to write equations for the rate of formation
of crystallization nuclei and their further growth [1—
3]. Typically, the crystallization of single-component
liquids was studied. For two-component liquids, the
crystallization of alloys of noneutectic composition
has not been sufficiently developed in theoretical stud-
ies, except for specific cases, which are described in
various reviews (see, for example, [4, 5]). Experimen-
tal studies are mainly represented by the classical
works of Tamman [3, 4] and the Davidenkov’s group
[1], which were carried out for the crystallization of
organic liquids, and Tarnball studied the crystalliza-
tion of metals [3, 4].

Undoubtedly, great achievements are associated
with the experiments devoted to the construction of
phase diagrams of metal alloys, which made it possible
to determine the area of existence of separate phases or
structural components. Starting from Kurnakov [6],
physical methods are widely used for monitoring the
processes of crystallization or collapse of supersatu-
rated solid solutions upon studying phase transitions.
The most commonly used methods among them are
the methods of differential thermal analysis (DTA),
which allow one to determine, in some cases precisely
enough, the beginning and completion of structural
and phase transformations. However, such studies do
not provide information about the processes taking
place in the intercritical temperature range.

Theoretical approaches to the description of the
processes of solidification, nucleation, and growth of
crystals of a new phase are based on perceptions about
the change of the system’s free energy upon the transi-
tion from the liquid to the crystalline state. However,
the number of experimental studies devoted to the
study of calorimetric effects upon crystallization of
binary alloys is relatively small.

In the last decade, experimental techniques and
instruments for high-performance differential scan-
ning calorimetry (DSC) have been developed, which
allowed one to revisit experimental studies in this
field. Nevertheless, the studies were focused on crys-
tallization of amorphous metallic alloys that repre-
sent, in most cases, multicomponent systems [7—9]. A
substantially less number of DSC studies were devoted
to crystallization processes in melts. But even in this
case, the crystallization of multicomponent alloys for
purely industrial applications was considered, and the
technology issues were the priority (see, for example,
[10, 11]). The study [12], in which the DSC analysis of
crystallization of hypoeutectic, eutectic, and hypereu-
tectic alloys of the Al—Si system was performed, can
be considered as one exception. But even in this study,
the primary emphasis was made on the influence of
modifying additives on the thermal effects during
crystallization and grinding the structure of alloys.

In the present study, the application of these tech-
niques for such simple systems, a common type of
which can be represented by the second-order phase
diagram, for example, the phase diagram of the Bi—Sn
system, are considered for the first time. For such sys-
tems, differential scanning calorimetry of alloys with a
relatively low content of one component and not
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Fig. 1. Temperature dependences of the (/) DSC and
(2) DDDSC signals upon formation of the Bi—Sn eutectic
(55wt % of Sn).

prone to a eutectic reaction upon cooling (type I) is
carried out. Types II, III, and IV refer to alloys of
hypoeutectic, eutectic, and hypereutectic composi-
tions.

EXPERIMENTAL

Pure metals (Sn, Bi, Pb, Zn, Al, Ag, Au, and Cu)
and binary alloys of the Pb—Sn, Pb—Bi, Bi—Sn, and
Al—Cu systems represented by duralumin alloys D1
(4.1% Cu, 0.7% Mg, and 0.8% Mn) and D19 (4.0%
Cu, 1.7% Mg, and 0.5% Mn) were chosen as objects of
the study.

The differential scanning calorimetry data were
obtained using a Jupiter 449 STA instrument from
Netzsch. The heating and cooling cycles were carried
out at rates of 5 and 10 K/min in the argon atmosphere
(99.999% Ar). The gas flow rate was 25—30 mL/min.
The data obtained in DSC experiments were pro-
cessed using the Proteus Analyses and Fityk software
packages.

To avoid the risk of emerging artifacts caused by the
peculiarities of the experiment in the study of alloys,
the experimental data were smoothed using an eighth-
order polynomial. The same technique was used to
analyze the first (DDSC) and second (DDDSC)
derivatives of the DSC signal DSC with respect to
temperature. As shown in the experiments with pure
aluminum (99.999 wt % of Al), the temperature ranges
and thermal effects of transitions determined before
smoothing the experimental curves and after their
approximation are almost equal. The discrepancy was
about 1%. The results provided in this communication
refer to a cooling rate of 10 K/min.

RESULTS AND DISCUSSION
The DSC curve obtained at cooling of an alloy of
the eutectic composition and its second derivative
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Fig. 2. Temperature dependences of the (/) DSC and
(2) DDDSC signals upon crystallization of aluminum.

with respect to temperature are shown in Fig. 1. On
the exterior, the two dependences are quite similar to
the behavior of DSC and DDDSC signals upon crys-
tallization of a single-component alloy (see Fig. 2).
This is not surprising, since a eutectic reaction is char-
acterized by an invariant equilibrium in the phase
equilibrium diagrams of binary alloys.

The situation is totally different for crystallization
of binary alloys of the first type (see Figs. 3 and 4).
Upon reaching the liquidus line, a heat release jump is
observed. The shape of the first derivative of the DSC
signal in this area indicates the same. If the lever rule
is used to determine the amount of a new phase
formed directly upon crossing the liquidus line, then
the amount of a solid phase is relatively low. From this
point of view, the appearance of the latter should not
be accompanied by such a notable heat release jump,
since the heat flow is determined by the heat of transi-
tion and the volume fraction of a formed new phase
(see, for example, [5]).

Moreover, if the dependence of the volume frac-
tion of a crystallizing phase on the cooling tempera-
ture is constructed using the lever rule in the intercrit-
ical range of temperatures (the cooling rate is con-
stant), then the reduced volumetric rate of transition
should pass through a maximum in the temperature
range between the liquidus and solidus lines. The DSC
data do not confirm that.

In principle, the same pattern is observed also
upon crystallization of alloys of the hypoeutectic com-
position, which undergo a eutectic reaction upon
cooling from the liquid state (type 1I). An example of
the DSC dependence for this case is given in Fig. 5.

The character of changing the DSC signal during a
eutectic reaction (peak P,) in this alloy is different
from the data given in Fig. 1. There is noticeable asym-
metry of the peak in the DSC dependence and the
trend towards accelerated heat release is recorded
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Fig. 3. Temperature dependences of the (/) DSC and
(2) DDSC signals upon crystallization of the Bi—Sn alloy
(5% Sn).
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Fig. 5. Temperature dependences of the (/) DSC and
(2) DDSC signals upon crystallization of the Bi—Sn alloy
(20% Sn).

upon reaching the line of a eutectic reaction. It can be
assumed that the presence of one of the phases precip-
itated in the liquid when crossing the liquidus line cre-
ates favorable conditions for the crystallization of
another phase also involved in a eutectic reaction.

Largely similar behavior of the DSC signal is
observed also upon cooling an alloy of the hypereutec-
tic composition (see Fig. 6). In this case, a heat release
jump and some deformation of the DSC signal in the
course of a eutectic reaction are also recorded upon
reaching the liquidus line. Moreover, it might be
assumed again that such a feature is associated with
the active precipitation of another phase involved in
the formation of the eutectic.

The described patterns are observed also upon
crystallization of other binary alloys, such as the Pb—
Sn, Pb—Bi, Bi—Sn, and Al—Cu alloys (see [ 12—14]). It
should be noted that the same trends in changing the
DSC and DDSC signals upon crystallization of alloys
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Fig. 4. Temperature dependences of the (/) DSC and
(2) DDSC signals upon crystallization of the Al—Cu alloy
(4% Cu).
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Fig. 6. Temperature dependences of the (/) DSC and
(2) DDSC signals upon crystallization of the Bi—Sn alloy
(60% Sn).

of the Al—Si system were observed in [12], but the
above patterns were not discussed at all there.

The following explanation can be proposed for the
determined trends. To initiate the precipitation of
crystals, the composition of which markedly differs
from the average composition of components in the
liquid state, the layering into regions with relatively
low and relatively high, close to the composition of
emerging crystals, concentrations of one of the com-
ponents should occur in this liquid upon approaching
the liquidus line. Something close to the spinodal
decay of supersaturated solid solutions takes place
[15].

Upon crossing the liquidus line, a large number of
crystallization sites are spontaneously formed in such
volume regions already “prepared” to the emergence
of a new phase. A significant part of the crystallizing
liquid is involved in this process. Altogether, this pre-
No. 12

Vol. 60 2018



CALORIMETRY OF CRYSTALLIZATION PROCESSES

e
9

o
~
T

T €X0 P

o o
[\®] (%]
T T
)

DSC, mW/mg
=
T

=)
T

_0.1 | | | | | | | |

520 560 600 640
T,°C

680

Fig. 7. Structure of the exothermic peak given in Fig. 4:

dots show the experimental data, Papp is the result of

approximation, and P; and P, are subpeaks.

sumably leads to intense heat release upon crossing the
liquidus line.

The P; peak on the cooling DSC curves of alloys of
type I can be represented as a superposition of two
overlapping subpeaks (see Fig. 7). The high-tempera-
ture subpeak having the abrupt front on the right is
apparently associated with the emergence of new crys-
tals, while the second subpeak, low-temperature and
more symmetrical, is driven by the growth of crystals.
This fact can be considered some sort of confirmation
of the perceptions developed in the present work about
the peculiarities of crystallization processes in binary
alloys obeying the phase equilibrium diagrams of
types I—III.

The following considerations can be provided to
confirm the above assumptions.

According to the widely accepted perceptions, the
maximum rate of nucleation of crystallization sites
and the maximum crystal growth rate are observed at
temperatures significantly lower than the temperature
of the start of crystallization [3—5]. This is considered
to be reasonable for single-component liquids.

In the context of the above, it seems appropriate to
stay on trying to theoretically determine the crystal
nucleation rates.

One of the attempts is connected with the studies
by Frenkel (see [1, 2]), according to which the rate of
nucleation of crystallization sites can be expressed as a
product of two exponential functions that depend on
the degree of supercooling, AT. In this case, the maxi-
mum rate of nucleation of crystallization sites lies in
the range 1/27, < AT < 2/3T,, where T is the melting
temperature in K.

Another approach was proposed by Chalmers [3,
4]. It is anticipated that the number of nuclei com-
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prised of n; atoms is determined by the following
expression:

n, = nexp|-AG/kt],

where 7 is the total number of atoms per unit volume,
and AG is the free energy change upon the formation
of a crystal nucleus.

If we assume that each nucleus of the critical size
grows into a crystal, then it can be excluded from the
statistical size distribution of clusters. Therefore, the
corresponding rate of formation of nuclei is deter-
mined by the value, starting from which smaller clus-
ters reach the critical size.

Chalmers has proposed the following expression
for the nucleation rate:

v = n*ev,nexp|~«(AG; + AG*)/kT],

where 1 = 100 is the number of atoms of a liquid that
are in contact with the surface of the critical nucleus,
€ ~ 1/6 is the probability of hopping an atom in the

specified direction, v; ~ 10" is the frequency of atomic

vibrations, and AG: ~ kT is the free energy of activa-
tion of diffusion processes in the melt.

If this equation is shown graphically, then one can
see a rapid increase in the rate of formation of crystal
nuclei at a supercooling degree of about 0.27,, which
is so sensitive to the value of the exponential term in
this equation that a change in the preexponential fac-
tor by several orders of magnitude does not have a sig-
nificant effect on the degree of supercooling.

The results of applying the method of dispersing
samples of a crystallizing liquid into microscopic
droplets were generalized by Tarnball [3], and it was
found that AT,,,, > 0.157, for most liquids and AT, ~
0.18 T, for metals with FCC and BCC lattices. This is
close enough to the theoretical analysis of the matter.
The reviews devoted to solidification of liquids, which
have been published recently (see [4, 5]), barely
changed the perceptions about the nucleation rate of
crystallization sites.

The conceptual feature of studies devoted to deter-
mination of the rate of formation of crystallization
sites and the rate of their subsequent growth is that
they involve the performing of isothermal experiments
with a specified degree of supercooling, A7. Though
even in these monographs, the processes taking place
upon crystallization of binary alloys are practically not
considered. As for the provided data on crystallization
of eutectic melts, they concern the growth rate of cells
with alternating precipitations of two simultaneously
crystallizing phases rather than the rate of nucleation
of new crystals (see, for example, [1—5]).

A completely different situation arises when the
melt is cooled continuously. Upon reaching the tem-
perature of crystallization of a single-component
alloy, an invariant equilibrium is achieved in accor-
dance with the phase rule. An idle point is observed in
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the curves describing the variation of temperature in
time when cooling the liquid phase. According to our
data, the maximum crystallization rate upon cooling
single-component liquids of pure metals is character-
ized at a cooling rate of 10 K/min by the following

sequence of values: 0.0217* for Sn, 0.0157;* for Bi,
0.0217* for Pb, 0.0267; for Zn, 0.0157* for Al,
0.0127;* for Ag, 0.0117* for Au, and 0.0137;* for Cu.

Herein, T* is the melting temperature determined
from the DSC data. In [5], it is given as equal to 0.157,,

Such a small degree of supercooling allows one to
imply that the rate of nucleation of crystallization sites
is not a limiting factor in crystallization of single-com-
ponent liquids. If this assumption is correct, then it
follows that numerous clusters with the arrangement
of atoms, which is close to the spatial arrangement of
atoms in the crystal, emerge in the liquid phase when
approaching the temperature of crystallization.

According to Chalmers [3—5], such a cluster
should consist of about 100 atoms. Frenkel’s theory [1,
2] gives the critical nucleus size, which is larger by sev-
eral orders of magnitude (10* atoms). However, not
only theoretical calculations, but also some experi-
ments suggest (see [ 1—5]) that the short-range order in
the arrangement of atoms in the liquid agrees with
their arrangement in the crystalline phase. Here, it
also can be mentioned the idea of the existence of
cybotactic groups of atoms that are close to their
arrangement in the crystal. These perceptions are inte-
grated to a certain extent in [5].

Once, Poisson drew attention to the impediment of
the crystallization process in the cases when the com-
position of the crystals is different from the composi-
tion of the liquid phase [1, 16]. The above-discussed
crystallization theory adequately covers only those
processes, in which the composition of the solid phase
coincides with the composition of the crystallizing lig-
uid, namely, the crystallization of melts of pure metal
and homogeneous chemical compounds. Only in
these cases, the probability of formation of an equilib-
rium crystal nucleus is determined solely by a need to
create an interface between the solid and liquid
phases, and equals the probability of an energy fluctu-
ation.

If the average number of molecules or atoms of a
crystallizing substance in the volume of a liquid, which
equals the volume of an equilibrium nucleus, is
denoted by € and the number of the same molecules
(atoms) in the crystallized nucleus by /, then the prob-
ability of the existence of a corresponding fluctuation
is expressed by the Poisson equation [16]:

Thus, the liquid phase is fragmented into a huge
number of clusters, in which the structure and the
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ratio of components are close to the counterparts for
the emergent crystalline phase, not only in the case of
crystallization of a single-component liquid, but pri-
marily upon crystallization of binary melts near the
crystallization temperature (liquidus line). As a result,
numerous crystals appear in a significant volume of
the liquid phase upon crossing the liquidus line. The
spontaneous emergence of a large number of such
crystals gives rise to the observed calorimetric effects.
The lever rule indicates that a quite insignificant
amount of a new phase appears immediately after
crossing the liquidus line. Therefore, its application
does not explain the patterns established in this study.

For alloys of the eutectic composition, the posi-
tions of liquidus and solidus lines can be determined
from the data of differential thermal analysis (DTA),
and this is implemented in most cases when construct-
ing the phase equilibrium diagrams of binary alloys.
But the DTA methods do not give any information on
the processes taking place in the temperature range
between the liquidus and solidus lines. At the same
time, it is rather problematic to carry out in-situ struc-
tural studies at elevated and, not to mention, very high
temperatures.

In this respect, the high-performance DSC meth-
ods allow one, as shown in this paper, to supplement
the existing perceptions about the crystallization pat-
terns of binary alloys of different compositions in the
phase equilibrium diagrams of types I—III.

It should be deemed that the patterns observed in
this study, i.e., a heat release jump, can take place also
upon decay of supersaturated solid solutions. Some
experimental evidences of that are obtained in [13].

CONCLUSIONS

The degrees of supercooling that correspond to the
maximum rate of releasing the transformation heat.

The degree of supercooling is less than 0.027.". This
may indicate that the maximum rates of nucleation
and growth of crystals are observed at low supercool-
ing degrees near the temperature of crystallization.

It is shown that the rate of releasing the crystalliza-
tion heat dramatically increases near the liquidus line
upon crystallization of alloys based on the Pb—Sn,
Pb—Bi, Bi—Sn, and Al—-Cu systems and then fades
away upon depletion of the liquid phase.

It is suggested that the start of crystallization of
binary alloys upon approaching the liquidus line is
connected with the formation of local microvolumes
and clusters, whose appearance precedes the pro-
cesses of formation and growth of crystals of a new
phase, and which are enriched with a component that
causes crystallization in the liquid. Rapid develop-
ment of the crystallization process is accompanied by
an active evolution of heat immediately after crossing
the liquidus line.
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