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Summary. The primary crystallization of molten alloy systems at high undercooling is studied by a

precise quantitative analysis of the calorimetric signal obtained during the transformation in terms of

the reaction rate under isothermal and continuous heating regimes. It is shown that, under specific

conditions, namely, stoechiometric primary precipitates, generalized relationships for the crystalliza-

tion enthalpy and the reaction rate may be obtained.
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Introduction

Suitable transformations for this study are first order reactions, accompanied by
energy exchanges with the environment, which allow thermal or calorimetric mea-
surements. Several transformation characteristics, such as the onset temperatures of
phase changes, enthalpy of transformation, and the evolution of the transformed
volume fraction, �, are currently obtained. Nowadays, the quantitative analysis of
the kinetics of the transformation becomes vital in many instances for process
optimization. The quantitative kinetic analysis is grounded on data on the reaction
rate, which in a calorimetric experiment is assumed proportional to the heat flow
generated by the transformation. Both differential thermal analysis (DTA) and
differential scanning calorimetry (DSC) are currently used to determine kinetic
data on transformations.

Information on the mechanisms driving the transformation relies on analysis
of the precise form of the calorimetric signal. For instance, it has been proven
that the shape characteristics of the isothermal calorimetric signal can identify
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unambiguously grain growth in microcrystalline materials versus nucleation and
growth of amorphous powders [1, 2]. More recently, the shape of the DSC primary
crystallization peaks of amorphous metallic alloys, in particular, the high-tempera-
ture tails observed under non-isothermal regime, have been related to the crystallite
coarsening [3]. In primary crystallization from an undercooled molten alloy it is
very important to get experimental information on the diffusion limiting effects.
Then, the analysis of the heat flow evolution and particle growth rate, including
soft impingement and multicomponent diffusion paths become of prime interest
[4–6]. The utility of DSC for investigating the thermodynamics and kinetics of a
broad range of thin films’ reactions has also been demonstrated [7].

Several hypotheses, often implicit, are needed to get the relationship between
calorimetric data and kinetic parameters. This paper deals with a revision of either
implicit or explicit assumptions used to get the time evolution of the degree of
advancement of a thermally activated transformation. In particular, in a recent
paper, it is claimed that there is a non-linear relationship between the evolved
enthalpy, obtained from DSC experiments, and the transformed fraction during
primary crystallization [8].

Non-equilibrium Primary Crystallization

In DSC data analysis, the kinetic data are obtained from the DSC signal evolution
with time=temperature. The primary data is the heat flux (height of the DSC curve)
during the transformation, which is obtained by subtracting the base line (DSC
signal without transformation) from the DSC signal. The volume fraction of mate-
rial transformed � at a given time t (or temperature T) is determined from the ratio
between the subtended area of the DSC peak at that time (temperature) and the area
of the complete exothermic (or endothermic) transformation peak. Similarly, the
transformation rate _�� is determined as the ratio between the height of the DSC
curve at that time or temperature and the complete area. That is, the rate of heat
generated during the transformation process is proportional to the transformation
rate (Eq. (1)) where �H is the transformation enthalpy.

_�� ¼ 1

�H

dQ

dt
ð1Þ

This statement is assumed to be true for eutectic- and polymorphous-type trans-
formations; however, it is recognized that it becomes, at most, a first approximation
for a primary crystallization process [5, 8]. Our purpose is to discuss in detail the
dependence of the rate of enthalpy generated, dH=dt, on the crystallization rate _��
when both the crystalline nuclei and the disordered matrix compositions are dif-
ferent and may change during the process. The following discussion is focused in
primary crystallization processes from a disordered or undercooled liquid state.

Let us consider the values of the specific enthalpy, Ht, at any intermediate stage
of the process, where the subscript t indicates its time dependence through any of
the variables T or �. At time t, the primary transformation has evolved up to a
fraction, � � f1, of the total volume, V, where f1 is the total volume fraction available
for primary crystallisation. In terms of enthalpy, a volume fraction � � f1 is in
crystalline form and has a specific enthalpy Hxt

t ðcxt1 ; . . . ; c
xt
n�1;T ; pÞ whereas a
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volume fraction ð1 � � � f1Þ remains in disordered state and has a specific enthalpy
H‘

t ðc‘1; . . . ; c‘n�1;T ; pÞ, where p stands for pressure and cxti and c‘i are the concen-
trations of each component i ði ¼ 1; . . . ; nÞ in the crystalline phase and in the
undercooled liquid, respectively. Furthermore, assuming a stoechiometric crystal-
line phase, the concentrations, c‘i change along the transformation in the form
shown by Eqs. (2) and (3) [7] where c

‘;o
i ¼ c‘i ð� ¼ 0Þ and c

‘;�
i ¼ c‘i ð� ¼ 1Þ, respec-

tively, are the concentration of component i in the initial undercooled liquid and in
the liquid in stable=metastable equilibrium with the primary crystals.

c‘i ð f1 � �; TÞ ¼
c
‘;o
i � f1 � � � cxti

1 � f1 � �
ð2Þ

f1 ¼
c
‘;�
i � c

‘;o
i

c
‘;�
i � cxti

ð3Þ

Taking in account that the specific enthalpy of the stable=metastable mixture of
primary crystals and disordered phase is given by Eq. (4) the heat evolved from the
sample changes at a rate (see Appendix) shown by Eq. (5) with hxti , h‘i the partial
molar enthalpy of component i in each phase, � the scan rate, and f1 ��Cp given by
Eq. (6) provided the partial specific heat of the liquid components is quite insen-
sitive to compositional changes, C‘

p;i � C
‘;o
p;i � C

‘;�
p;i , and assuming there is a

negligible change of f1 with temperature. Also, the crystallization enthalpy is given
by Eq. (7).

H�
t ¼ f1 � Hxt

t þ ð1 � f1ÞH‘;�
t ð4Þ

dQ

dt
¼ � d

dt
½ f1 � � � Hxt

t þ ð1 � f1 � �ÞH‘
t � H�

t �

¼ f1 � _��
X

i

cxti ðh‘i � hxti Þ � � � f1 � ð1 � �Þ ��Cp ð5Þ

f1 ��Cp ¼ C‘;o
p � f1C

xt
p � ð1 � f1ÞC‘;�

p

¼ f1
X

i

cxti ðC
‘;�
p;i � Cxt

p;iÞ ð6Þ

�Hxt ¼ H‘;o � f1H
xt � ð1 � f1ÞH‘;� ð7Þ

Isothermal Regime

Under isothermal regime, the normalised height of the DSC curve becomes as
shown by Eqs. (8) and (9).

1

�Hxt

dQ

dt

ISO

¼ _�� � Fð f1 � �Þ ð8Þ

Fð f1 � �Þ ¼
f1
P

i c
xt
i ðh‘i � hxti Þ
�Hxt

ð9Þ
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If h
‘;o
i ¼ h‘i ¼ h

‘;�
i , irrespective of the composition of the liquid, which would be the

case, for instance, for an ideal liquid solution, then Eq. (1) is satisfied. In general
h
‘;o
i 6¼ h‘i 6¼ h

‘;�
i , therefore, let us consider, as an example, the primary crystallisa-

tion of crystalline A in a binary undercooled regular liquid solution of overall
composition c

‘;o
B . Its stable=metastable phase diagram, depicted in Fig. 1, corre-

sponds to the situation where the interaction energy, O, between components A
and B is negative or, equivalently, for a deep eutectic system as is normally the
case for glass forming alloy compositions. That is, the change of the partial molar
enthalpy of each component in the liquid phase at constant temperature and pressure
occurs as a consequence of the continuous compositional change of the liquid dur-
ing the reaction, as shown by Eq. (10) with �hif being the melting enthalpy of
component i, and xi the molar fraction of component i (xi ¼ Vm � ci, with Vm the
molar volume).

h‘i ðc‘BÞ ¼ �hif þ hxti þ Oð1 � x‘i Þ
2 ð10Þ

The time evolution of Fð f1 � �Þ has been computed for different situations.
In Fig. 2 it is plotted as a function of � for a fixed annealing temperature and
different degrees of supersaturation (varying x

‘;o
B ). It is observed that Fð f1 � �Þ is

close to 1, but its value is lager than one at the onset of the transformation, and it
becomes lower than one at the last steps of the transformation, the lowest value
being obtained for large supersaturation values.

Another possible situation is depicted in Fig. 3. It represents the time
evolution of Fð f1 � �Þ for an overall fixed composition x

‘;o
B , and different annealing

Fig. 1. Rich A region of the stable=metastable A–B phase diagram for a binary regular liquid

solution and no miscibility of component B in solid A
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temperatures. Again, the largest is the degree of supersaturation the lowest
becomes Fð f1 � �Þ (or ratio between the normalised height of the DSC curve and
the reaction rate) at the last steps of the transformation.

Fig. 3. Plot of the evolution of Fð f1 � �Þ as a function of � for an overall composition x
‘;o
B , at different

annealing temperatures

Fig. 2. Plot of the evolution of Fð f1 � �Þ as a function of � at a fixed temperature, for three different

alloy compositions
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Continuous Heating Regime

Under continuous heating regime, the normalised height of the DSC curve
becomes as shown by Eq. (11).

1

�Hxt

dQ

dt

C:H:

¼ _�� � Fð f1 � �Þ �
f1ð1 � �Þ�

�Hxt

�Cp ð11Þ

It is generally recognised that a very useful concept is the ‘‘hypothetical’’ signal
that will represent the enthalpy changes not directly related to the reaction rate
(mostly due to specific heat capacity changes of the initial or product phases) [5].
This hypothetical signal is most often called base line shift. This effect is clearly
indicated in Eq. (11) whose second right hand term represents the influence of the
change on heat capacity in the calorimetric signal.

With respect to the first right hand term of Eq. (11), experimentally the tem-
perature range in which the transformation proceeds under continuous heating is
normally quite narrow. Consequently, neglecting the heat capacity contribution in
the calorimetric signal, the preceding analysis may be easily extended to contin-
uous heating since to increase the heating rate is equivalent to shift the transforma-
tion onset towards higher temperatures. Such an extension is schematically
presented in Fig. 3. As already shown on isothermal regime, the normalised height
of the DSC curve is larger than the reaction rate at the initial stages of the trans-
formation. That is, identifying the normalised height of the DSC curve with the
apparent reaction rate, the transformation starts with a larger than real apparent
acceleration. However, this effect is not significant when compared with the effect
obtained at the latest stages of the transformation. There, the apparent deceleration
of the reaction is larger than the real one.

Conclusions

The primary crystallization of molten alloy systems at high undercooling has been
analyzed by differential scanning calorimetric measurement of the transformation
rate. Emphasis is given to the conversion of the evolution of the measured calori-
metric signal to reaction rate. The current assumption that the heat flow generated
during the transformation is proportional to the reaction rate is shown to be very
fruitful. Under specific conditions, namely, stoechiometric primary precipitates and
homogeneous remaining liquid composition, generalized relationships for the crys-
tallization enthalpy and the reaction rate from the measured calorimetric signal
have been deduced for both, isothermal and continuous heating regimes. It has
been demonstrated that, in both regimes, a general prediction for glass forming
alloys is that the transformation starts with a larger than real apparent acceleration
but the apparent deceleration of the reaction is larger than the real one.
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Appendix

The specific enthalpy difference between the stable=metastable mixture of primary crystals, with

volume fraction f1; and disordered phase, with volume fraction ð1 � f1Þ; and the instantaneous mixture

of crystals, with volume fraction � � f1; and a disordered phase, with volume fraction ð1 � � � f1Þ; is

given by Eq. (A-1).

H�
t � Ht ¼ f1 � Hxt

t þ ð1 � f1ÞH‘;�
t � f1 � � � Hxt

t � ð1 � f1 � �ÞH‘
t

¼ f1
X

i

cxti h
xt
i þ

X

i

ð1 � f1Þc‘;�i h
‘;�
i � f1 � �

X

i

cxti h
xt
i �

X

i

ð1 � f1 � �Þc‘i h‘i ðA-1Þ

Assuming there is a negligible change of f1 with temperature, the rate of change of the several

quantities entering in Eq. (A-1) is given by Eqs. (A-2) and (A-3) since
P

i c
‘
i dh

‘
i jT ;p ¼ 0 and using

the mass balance Eq. (2).

dH
’
t

dt
¼ �C’

p ¼ �
X

i

c
’
i C

’
p;i for ’ ¼ xt; ‘; � ðA-2Þ

d

dt
ð1 � f1 � �Þ

X

i

c‘i h
‘
i ¼ ð1 � f1 � �Þ�

X

i

c‘i C
‘
p;i þ

X

i

h‘i
d

dt
½c‘;oi � f1 � �cxti � ðA-3Þ

Consequently Eq. (A-4) is obtained.

dðH�
t �HtÞ
dt

¼ f1 � _��
X

i

cxti ðh‘i � hxti Þ þ �½f1 � �ðC‘
p � Cxt

p Þ þ ðC‘;�
p � C‘

pÞ þ f1ðCxt
p � C‘;�

p Þ� ðA-4Þ

If C‘
p;i � C

‘;o
p;i � C

‘;�
p;i , one obtains Eq. (5).
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