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Abstract

The applicability of popular thermal analysis methods like the one proposed by Ozawa and Kissinger, or the one derived
from the Avrami kinetic formalism, to non-isothermal nucleation and growth transformation kinetics, is reassessed.
Restrictions and limitations of both techniques are reevaluated, in order to clarify when and under which transformation
conditions is each method justified. © 1997 Elsevier Science B.V.
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1. Introduction

Differential scanning calorimetry (DSC) is a widely
used experimental technique for the study of the
kinetics of non-isothermal nucleation and growth
transformations. The analysis of DSC results is per-
formed by popular thermal analysis methods, as pro-
posed by Ozawa [1], primarily for the kinetic analysis
of polymer crystallization, and by Kissinger [2], ori-
ginally developed for solid = solid + gas type solid-
state reactions. Derived relationships between the
logarithm of the heating rate and the (inverse) tem-
perature at the maximum of the reaction, as interpreted
from a DSC trace, enables the evaluation of kinetic
parameters, such as activation energy, transformation
enthalpy and reaction order.
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The applicability of these methods to nucleation
and growth transformations such as crystallization of
glassy metals, for example, has however been ques-
tioned in the past [3-5].

For isothermal transformations, kinetic analyses are
performed for years by applying the Kolmogorov—
Johnson-Mehl-Avrami (KJMA, or Avrami) formal-
ism [6-9]. This method is based on an integral expres-
sion for the fraction transformed, which is then
differentiated twice with respect to time for the deri-
vation of the kinetic parameters [10-12].

The validity of applying the Avrami rate equation to
non-isothermal transformation kinetics has been
examined by Henderson [13]. He has shown that such
a procedure can be used only under some specific
restrictions, namely:

1. The growth rate of the new phase depends only on
temperature, not explicitly on time.
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2. The transformation rate does not depend on ther-
mal history.

3. Nucleation occurs at randomly dispersed second-
phase particles.

These restrictions limit the applicability of the KIMA
formalism to so-called ‘site saturation’ transforma-
tions [14] only, where nucleation takes place at the
very start of the transformation, and the nucleation
rate is zero thereafter. Under these restrictions, Hen-
derson [13] has shown that the Kissinger method and
the Avrami rate equation are equivalent, thus justify-
ing the use of the thermal analysis methods to the
study of non-isothermal nucleation and growth trans-
formation kinetics, including derivation of activation
energies and reaction orders.

Despite the abundant literature on the subject, it
seems that there is still some confusion on the proper
use of thermal analysis techniques in transformation
kinetics studies. The purpose of this paper is to start
with the basic non-isothermal kinetic equation, and
then derive the appropriate relationship to be used for
the estimation of the thermodynamic parameters.

2. Theoretical

Under isothermal conditions, the nucleation and
growth transformation kinetics are described by the
well-known Avrami (KIMA) equation [6-8]:

&(T,t) =1 — exp[—K(T)t"] (N

Eq. (1) is a true kinetic equation. The rate of
evolution of the product phase can be expressed at
a product of two functions, namely temperature and
fraction transformed:
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K(T) is therefore legitimately interpreted as a func-
tion of an activation energy E, and is represented by an
exponential, Arrhenius-type, function of temperature
[15]:

E
K(T) = Koexp [— I—Q?} (3)

where R is the gas constant and K, a pre-exponential
factor. The value of r(0.5 < n < 4) in the kinetic law
is an indication of the nature of the transformation [9].
The activation energy E includes the contribution of
the energies needed to activate both the nucleation
(E,) and growth (E,).

Eq. (1) is the kinetic law that is commonly used to
interpret experimental results obtained by non-isother-
mal analysis techniques, such as DSC, and to calculate
the activation energy of the rate controlling transfor-
mation. Relationships have been derived for the deter-
mination of activation energies from non-isothermal
data by Ozawa [1] and Kissinger [2] from DSC traces.
Both methods are based on the fundamental require-
ment (a), namely the rate of fraction transformed per
unit time, (d§(7T,t))/dr is the product of 2 separable
functions of temperature Tand of fraction transformed
E&T0):
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Two other requirements are: (b) {£)is independent
of the heating rate, and (c) the temperature depen-
dence of the rate of transformation g(7) is exponential,
i.e. Arrhenius-type (or Vogel-Fulcher) [16].

Henderson [13] has shown that Eq. (1) can be
applied to non-isothermal kinetics only in the case
of site saturation, and even then is restricted to linear
growth kinetics, i.e. to a temperature (and not time)
dependent growth rate. However, in a non-isothermal
nucleation and growth solid-state transformation, the
evolution of the volume fraction £(7, ¢) of the new
phase with time ¢ and temperature 7() is:

t
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I(T(#)) and G(T(¢)) are the nucleation and the growth
rates, respectively, and g is a geometrical factor that
depends on the dimensionality of growth [6-8]. For an
interface-controlled growth, n is an integer; for a
diffusion-controlled growth n may also take half-
integer values [9].

In the particular so-called ‘site saturation’ [14]
case, when heterogeneous nucleation takes place at
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randomly distributed pre-existing nucleation sites N,
the nucleation rate being therefore zero, Eq. (5) is
reduced to:
t n
&(T,t) =1 —exp|—gNo /G(T(T))dT
0
6
Under the restrictions mentioned by Henderson [13]
and assuming and Arrhenius-type growth rate, Eq. (6)

can be written as:
Tﬁnal
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Tinitial
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In that specific case, E may be written as E,, the
activation energy for growth solely. Eq. (7) is the
kinetic law which shall be used now, instead of
Eq. (1), for the interpretation of the thermal analysis
methods.

The use of the non-isothermal Eq. (7) in the Ozawa
or Kissinger thermal analyses methods, and the con-
secutive derivation of activation energies, is allowed if
and only if it is a true kinetic equation with exponen-
tial temperature dependence of the rate [16]. This is
however not the case, as shown below.

If 3 is the constant heating rate practiced in DSC,
then Eq. (7) can be written as:

&(T)=1—exp [ _ &NoKg
ﬂn
Tﬁnal E n
X { / exp [— Ef] dT} ] (8)
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A number of numerical approximations to the
exponential integral have been proposed in the litera-
ture [14], the most widely used being Doyle’s relation-
ship [17]:

In / ex—p[z_—y]dy = —5.33 — 1.052y ©)
y
y

Rewriting the variable y = E/RT, and introducing
the numerical constant C, Eq. (8) reads:

c E
E(T) =1 —exp [— %P [—1.052 ;’ﬁ” (10)

The time derivative of Eq. (10) is:
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In the non-isothermal Eq. (11) the aforementioned
requirements (a) and (b) are fulfilled. The temperature
dependence of the rate of transformation is however
not experimental, Arrhenius-type. Requirement (c) is
not fulfilled.

The activation energy of a transformation E, can be
evaluated by measuring the temperature 7,,, at the
point of maximum reaction rate, while heating at a
constant rate J. In a DSC experiment, the maxima in
reaction rate coincides with the exothermic peak
associated with the transformation in the DSC trace.
Measuring the peak temperatures at varying heating
rates and determining the slope of a plot of either In 3
(Ozawa method [1]), or 3/T2 Kissinger method [2])
against 1/T2 enables the evaluation of the activation
energy [13]. The same procedure is now used.
Taking an additional time derivative of Eq. (11),
and equating it to zero to find the maximum, yields,
after some algebraic manipulations Eq. (12), as fol-

lows:
1(59)
e (1= €T ) x exp [*“’52%] &0
5 { B ECA_lexp [_1.052 R;ft)]
x F;T)+ 1.052% - 2ﬁ}

Eq. (12) is zero, when T = T, thus resulting in the
following relationship between the heating rate and
the peak temperature:

nE C 1
105222 ol =
g { 02T, } 51T,

E
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If 1.052(nE/RT,) > 2, asit generally occurs [13],
one finally gets the relationship between the heating
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rates and the peak temperatures for non-isothermal
kinetics, for plotting the straight line, whose slope is
the activation energy E divided by R:
E
!
Ing+C = —1.052RTm
which is analogue to the relationship obtained by
Ozawa [1], not to the one proposed by Kissinger
[2] and Henderson [13]. It should be reminded that
the use of Eq. (14) for the estimation of activation
energies is anyway applicable only to non-isothermal,
site saturation, heterogeneously nucleated transforma-
tions.

It seems that the confusion that has arisen during the
years about the use of the Kissinger method, or the
Avrami formalism, to non-isothermal nucleation and
growth transformation kinetics lies in the way the
basic Eq. (6) is differentiated against time for obtain-
ing a rate equation. As there is an implicit time
dependence of the growth function G, the differentia-
tion of the integral on G(T(#)) is not straightforward. In
fact, the often used relation:

t

(14)

d
dt
0

G(T(1))dr = G(T(1)) (15)

is incorrect. If Eq. (15) is used, the time derivation of
Eq. (3) results in an (incorrect) true kinetic equation,
with an exponential dependence of the temperature

[18]:

LED (1 —grim
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Of course, if the mathematically incorrect Eq. (16)
is used instead of Eq. (11), the derived thermody-
namic parameters of the considered transformation,
are not necessarily the same.

It has, however, already been judiciously mentioned
[19] that “Two different phenomenological theories
are widely (and apparently indiscriminately) used for
the determination of ..kinetic parameters: the Kis-
singer [2] and the Avrami [7] theories. ... Although ...
they lead to mathematically different expressions, the
calculated effective activation energies for crystal-
lization seem very similar.” It is then concluded

[19] that ““it is not possible to discriminate between
the two [Avrami and Kissinger] theories, ... as far as
the results of the linear regression [practiced in both
cases] are quite similar and the deduced activation
energy [for the same transformation] differs only a few
percent” [19].

The discrimination between the two theories can
probably be made only through mathematical argu-
ments, as has been done in the present paper. Anyway,
the correct use of any thermal analysis method must
conform to the nature of the phase transformation,
which is itself not always known a priori. The relation
between experimental and physical conditions and the
applicability of a specific kinetic equation (or thermal
analysis method) is currently under investigation [20].
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