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Abstract

In order to improve the soundness of the kinetic analysis of solid-state reactions, we present an experimental test based on a sudden change
(jump), during an experiment, of the temperature, or of the partial pressure of gases, which have an influence on the kinetic rate. This test, denoted
“f (α) test” allows to discriminate if the kinetic modelling may or may not involve the rate equation dα/dt= kf (α) for any kind of reaction: thermal
decomposition, solids reacting with gases,. . . Numerous examples are given and discussed according to the answer of the test, mainly based on
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2005 Elsevier B.V. All rights reserved.

eywords: Solid state reactions; Kinetics; Rate equation; Nucleation and growth; Rate-limiting step

. Introduction

In several recent articles, Galwey[1–5] has given a critical
escription of the literature concerned with the kinetics of solid-
tate reactions. Since the publications discussing the results of
he ICTAC kinetic project[6], he has clearly put in evidence
he shortcomings in the mathematical methods generally used
or the analysis of the kinetic data, i.e. for the interpretation of
he α(t) curves in terms of a “kinetic triplet”E, A0 and f (α)
ccording to the following rate equation:

dα

dt
= A0 exp

(
− E

RT

)
f (α) (1)

andA0 being called the “Arrhenius parameters”, respectively,
he activation energy and the pre-exponential factor;f (α) can
ake various expressions depending of the model under consid-
ration.

Among the numerous points discussed and criticized in these
rticles, it appears that the main reasons for claiming that the
resent situation is “unsatisfactory”[1] come from the great
isparity observed in the determination of the Arrhenius param-

eters by various authors for the same set of kinetic data[6]. What
is interesting to notice in all these mathematical methods
for isothermal and non-isothermal data, is that they are bas
the assumption that the rate dα/dtof a “simple” reaction obey
to the following conditions:

(a) it varies with temperature according to the Arrhenius e
tion;

(b) α is a separate variable in the expression of the rate (c
(1) or an equation of the typeg(α) = kt).

The term “simple” means in general that the reaction
chiometry is well established, there are no parallel reaction
successive reactions, no melting, etc. However, it is worth tr
to give a definition of it. A simple reaction is a transformat
which satisfies two conditions: (1) There is no intermediate
phase from the initial to the final solid phases. For example
dation of copper by oxygen into CuO with formation of
intermediate phase Cu2O is not a simple reaction but a succ
sion of two simple reactions, each of them having its own m
of transformation with nucleation and growth mechanisms
∗ Corresponding author. Tel.: +33 477 420 152; fax: +33 477 499 694.
E-mail address: mpijolat@emse.fr (M. Pijolat).

There does not exist a large departure from stoichiometry in the
initial and final phases.

One of the aims of the present article is to show that even in the
case of simple reactions, the rate may not fulfil both conditions
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.08.038
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(a) and (b) so that Eq.(1) is inadequate for the description of the
kinetic set of data, whatever the experimental operating proce-
dures could be. First, concerning the variation of the rate with
temperature, the Arrhenius dependence must be considered as a
very restrictive assumption, for (at least) the following reasons:

- the rate of a rate-limiting elementary step is the result of two
kinetic processes, the direct and the reverse one, and unless
the reaction is done within experimental conditions (P,T)
far from those of equilibrium, the rate of the reverse process
cannot be neglected besides the rate of the direct one;

- solid state reactions involve gaseous species that can be
adsorbed or/and desorbed; thus, depending of which of the
elementary steps is controlling the reaction, the equation giv-
ing the amount of adsorbed species in equilibrium with the
gaseous phase (very often it is the Langmuir isotherm), will be
involved in the rate equation, i.e. dα/dtproportional to a term
of the type “APj/(1 +

∑
BiPi)”, in which A andB follow Arrhe-

nius dependence with temperature (see for example Ref.[7]);
- intensive variables other than temperature and pressure

may also be involved such as for example the activity of
constituents in solid solutions.

More generally the rate should thus be expressed as follows:

dα = A(T, P , . . .) f (α) (2)
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the kinetic “model” and the kinetic parametersE andA. In gen-
eral, the subscriptn is related to the geometrical characteristics
of the reacting solid particles.

To account for both nucleation and growth processes,An laws
(which are well known as Avrami–Erofeev equations), which
correspond to sigmoidα(t) curves, have been derived upon the
assumption that one of the two processes was predominant on
the other one. On the contrary,Rn andDn laws are used when
nucleation is supposed to occur instantaneously at the beginning
of the reaction, and thus in this case only growth is involved in
the kinetic modelling. In the case of Avrami–Erofeev laws, the
nuclei are supposed to appear everywhere in the bulk of the par-
ticles, but this situation is not always encountered as for example
with many reactions of inorganic compounds (decompositions,
solids reacting with gases,. . .) where the nuclei are observed to
appear at the surface of the particles. In fact, such reactions can
be more realistically described using the Mampel’s model[8] (or
Johnson and Mehl’s model[9]) which is based on the combina-
tion of geometrical and statistical approaches: the rate limiting
step of growth is assumed to occur at the interface between the
reactant and the product phases, and the nucleation process fol-
lows a Poisson spatial temporal distribution. The calculation of
the rate according to Mampel assumptions can be done for plate-
like, cylindrical and spherical particles; it involves a couple of
kinetic “constants” (γ, φ), related to the rates of nucleation and
growth, respectively. The constantφ is relative to the growth pro-
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n whichA has not the meaning of a rate constant, which exp
hy the letter “k” is not used in this article.
Concerning the proportionality between the rate dα/dtand

functionf (α), we report in this article a method based on
xperimental test to settle the validity of Eq.(2) for any reaction
he principle of this “f(α) test” is given in Section2, and exam
les of application to various kinds of solid state reactions
eported in Section3. In Section4, we discuss the two situatio
hat occur according to the result of thef (α) test, i.e. for wha
easons the rate follows or does not follow Eq.(2). We commen
n the shortcomings of the mathematical methods based o
se of Eq.(2), and on the interest of making thef (α) test for
hoosing an appropriate kinetic model involving nucleation
rowth steps.

. Principle of the “f (α) test”

.1. Preliminary justification

As mentioned in the introduction part, Eq.(1) is at the basi
f most of the kinetic analysis of experimental data. H
ver, despite of many articles devoted to mathematical me
ore and more sophisticated and automated in order to inte

apidly the thermal kinetic data, the assumptions on which
ased the various types off (α) functions generally used to fit th
ata, are not enough discussed or commented in relation w
eometrical or morphological characteristics of the solid p
les[5]. The f (α) functions are usually classified using cap

etters with a subscriptn, such asAn, Fn, Rn, Dn, . . . and the bes
t between one of these functions and the set of kinetic data
e

s
t

e
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ess and it is defined as the amount of reactant transforme
eter square per second (we have calledφ the “areic reactivity o
rowth”); for example, ifVm represents the molar volume of t
eactant,Vmφ is the rate of advance of the interface in the c
f the core-shrinking modelRn. The constantγ is defined as th
reic frequency of nucleation, it is a number of nuclei per m
quare per second. These two kinetic parameters are as
o vary independently versus temperature, partial pressu
aseous species, impurities, etc. since the mechanisms of
tion and growth should be different. In practice, the calcula
re greatly facilitated by the use of a dimensionless time
ble (θ), which leads to the comparison of (dα/dθ)/(dα/dθ)α=0,5
the calculated reduced rate) to (dα/dt)/(dα/dt)α=0,5 (the experi
ental reduced rate, forPi andT constant). The best agreem
etween experiments and model is found by means of a u
tting parameterAM (AM = 4πr3

0γ/φVm for spherical particles o
nitial radiusr0 and molar volumeVm). It is interesting to notic
hatφ and the factorA (in Eq.(2)) are related according to:

= nφVm

r0
(3)

heren is equal to 1, 2, or 3 for plates, cylinders, or sphe
espectively;r0 is the initial radius of the spheres or cylinde
nd the half thickness in case of plates.

It is important to notice that the rate derived from the Ma
el’s model is not consistent with Eq.(2), as it can be ver
chematically illustrated inFig. 1. We have chosen two kin
f nucleation and growth which lead to the same conver
α = 0.5) of a spherical particle: a single nucleus in (a) and
uclei in (b). Due to Mampel’s assumptions, for identical c
itions of T, Pi, . . . the rate corresponding to the particle
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Fig. 1. Schematic representation of particles with same fractional conversion
(= 0.5) and distinct rates of transformation in case of one (a) or two nuclei (b).

(b) is twice the rate in (a) since the surface of the advancing
interface in (b) is twice that in (a). Since the Mampel’s model
is able to account for a sigmoid shape ofα(t) curves, it was
possible to interpret our kinetic data in several cases, like for
example Ce(OH)CO3 [10] and CaCO3 [11] decompositions. As
it will be reported below (Section4.2), in case of nucleation
at the surface of the solid, not only Mampel’s model but other
nucleation—growth models can be proposed that give a rate
which is not in agreement with Eq.(2), i.e. a rate without a
“f (α)” behaviour.

So, considering nucleation-growth reactions may occur with
surface nucleation (and thus without a “f(α)” behaviour) or with
volume nucleation (with a “f(α)” behaviour), it has seemed to us
primordial to be able to choose between both alternatives, since it
is most often very difficult or quite impossible to unambiguously
decide it from microscopic observations. More generally, it is
important to know ifα a separable variable of the rate, or not, for
any kind of solid-state reaction. We thus propose an experimental
test, called the “f(α)” test, which does not rely on any assumption
concerning the mechanism or the kinetic model. This test is valid
even if the rate does not follow the Arrhenius law (cf. Eq.(2)).

2.2. The description of the “f (α) test”

The test is based on two experiments conducted as follows:
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Fig. 2. Illustration of the “f(α)” test with an isothermal and isobaric experiment
(continuous line) and a temperature jump fromT2 to T1 (dotted line):α is a
separate variable of dα/dtin (a) whereas it is not in (b).

3. Application of the “f (α) test” to several solid state
reactions

Various kinds of solid-state transformations have been stud-
ied using Eq.(2) for the analysis of the experimental kinetic
data. Here, we give the results of the “f(α) test” in three cases:
decomposition (including dehydration), reactions between gases
and solids, and reactions between two solids. It is worthwhile
to mention that all the experiments were done with a very small
mass of sample in the crucible of a thermobalance (∼25 mg) in
order to avoid the issue of mass and heat transfer in the powder
bed, and thus to ensure as far as possible isothermal and isobaric
conditions during all the reaction.

3.1. Decomposition, dehydration, dehydroxylation

CaCO3 decomposition has been very extensively studied
under various experimental conditions, and there is still a debate
on the precise mechanism and on the elementary step control-
ling the growth. Isothermal and isobaricα(t) curves exhibit a
sigmoid shape, indicating a continuous nucleation process. The
literature data concerning the values of lnA0 andE are remark-
ably widespread[13–14].

Fig. 3shows the result of the “f(α) test”, the conditions used
for the two experiments are given in the legend (as for the other
e urves
a e con-
during the first experiment, the temperature (T) and the p
pressures of all the gases (Pi) reacting with or produced b
the solid are maintained constant up toα ≈ 1;
the second experiment is done with a different temperatuT ′
(or pressurePi

′) up to a value ofα between∼0.2 and∼0.7,
then a sudden change is done to return to the same cond
T andPi as in the first experiment.

Fig. 2shows the two kinds of results that can be observe
lotting dα/dtversusα for both experiments: in (a) the curv
f the rate are superimposed which means that af (α) function
an be used for the choice of the kinetic model; in (b), sinc
ates are found to be different for the same value ofα, andA is
nchanged (TandPi are rigorously identical),α is not a separa
ariable of the rate and Eq.(2) is not valid. The interest of th
ethod is that it does not require any mathematical analy

he experimental data. In the next section, we present the r
f the “f (α) test” for several reactions studied in our labora
uring these last years.
xamples reported hereafter). It can be seen that the two c
fter the pressure jump are not superimposed, and thus th
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Fig. 3. “f (α)” test in the case of the decomposition of CaCO3: jump in CO2

pressure from 1.333 to 1.066 kPa (the temperature was fixed to 700◦C).

Fig. 4. “f (α)” test in the case of the dehydration of Li2SO4, H2O: jump in
temperature from 80 to 100◦C (the water vapour pressure was fixed to 0.26 kPa).

sequence is that the kinetic curves cannot be analysed using the
assumption of af (α) function as in Eq.(1) or (2).

In Fig. 4, we have reported the plot of dα/dtcurves versusα
obtained for the “f(α) test” method applied to the dehydration
of Li2SO4, H2O. Again the lack of agreement between the two
curves after the sudden change indicate that the use of af (α)
function in the rate equation must be avoided.

Similar conclusions could be drawn from the results obtained
for the dehydroxylation of kaolinite into metakaolinite (Fig. 5).
The interpretation of the shape of the experimental curves of

Fig. 5. “f (α)” test in the case of the dehydration of kaolinite (Si2Al2O9(OH)4):
jump in temperature from 450 to 460◦C (the water vapour pressure was fixed
to 0.25 kPa).

Fig. 6. “f (α)” test in the case of the oxidation of magnesium particles: jump in
temperature from 500 to 510◦C (the oxygen pressure was fixed to 20 kPa).

dα/dtversusαcould be done for each of these reactions by means
of nucleation—growth models as previously detailed elsewhere
[10–11,15,16].

These examples show that obviously the kinetic analysis
methods based on Eq.(1) would lead to values ofA0 and E
with no real meaning, which is the case of mathematical fitting
with an erroneous law.

3.2. Reactions between gas and solids

Since several years, we have been interested (mostly for
research supported by industry) in two kinds of gas–solid reac-
tions: oxidation of metals and alloys, and reduction of oxides.
We present, hereafter, the results of the “f(α) test” performed
during studies on Mg/O2, Zr/O2, U3O8/H2 and U3O8/NH3 sys-
tems.

The oxidation of magnesium particles (Fig. 6) exhibits a
remarkably “f(α)” behaviour of the rate since the curves of dα/dt
after the sudden change inT or P are very well superimposed
[17]. The same behaviour (Fig. 7) was observed in the reaction of
oxidation of zirconium in the alloy Zy4 well known as zircaloy
in nuclear energy production[18]. It can be seen inFig. 7 that
after each jump of temperature from 500 to 530◦C, all the rate
curves (dm/dtplotted versusm%, wherem is the weight change)
are very well superimposed after the jumps. An explanation to
this “f (α)” behaviour in the case of these two reactions is that

F our:
j ws
( 1 kPa,
r

ig. 7. “f (α)” test in the case of the oxidation of zircaloy by water vap
umps in temperature from 500 to 530◦C or inversely as indicated by the arro
the partial pressures in water vapour and hydrogen were fixed to 1.3 and
espectively).
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Fig. 8. “f (α)” test in the case of the reduction of U3O8 by hydrogen into UO2:
jumps in temperature from 550 to 540◦C (the partial pressures in hydrogen and
water vapour were fixed to 2.0 and 0.6 kPa, respectively).

metal surfaces are always covered with a very thin film of oxide,
so only the growth process is at the origin of the variations of
α with time of oxidation (the nucleation process does not take
part to the reaction).

We have also studied the transformation of uranium oxide
powders from U3O8 into UO2 using reducing gases such as
H2 or NH3. The system U–O is known to exhibit a very com-
plex chemistry with various intermediate non-stoichiometric
oxides. In the case of the reduction of U3O8 by hydrogen,
after a previous erroneous kinetic analysis[19], we have re-
interpreted the kinetic data (isothermal, and isobaric curves
which means that the partial pressures in hydrogen and water
vapour were maintained constant during the course of the trans-
formation) to take into account three successive simple reac-
tions: U3O8 → U3O8−x → U4O9 → UO2 [20]. The “f(α) test”
applied to this transformation was found to be validated in each
of the three reactions as shown inFig. 8. In the case of the reduc-
tion of U3O8 into UO2 by ammonia (there the partial pressures
in NH3, H2O and N2 were fixed during all the experiments) we
observed only two steps: U3O8 → U3O8−x → UO2 (no U4O9
phase could be detected in the X-ray diffraction patterns). The
variations of dα/dtversusα have a sigmoid shape (which was
not the case for those obtained with hydrogen as the reducing
gas). The “f (α) test” shown inFig. 9indicates that the rate does
not vary as expressed by Eq.(1) or (2).

F
j ia,
n tively

Fig. 10. “f(α)” test in the case of the reduction of U3O8 by carbon intoUO2:
jump in temperature from 550 to 560◦C (the partial pressures in CO2 was fixed
to 5.0 kPa).

3.3. Reactions between solids

The synthesis of UO2 powders may also be achieved by the
reduction of U3O8 by carbon; in this case a mixture of U3O8
and C powders is heated in a gaseous flow containing a fixed
partial pressure in CO2 since CO2 was observed to be the only
gas produced by the reaction.Fig. 10shows that the “f(α) test”
is validated.

4. Comments and conclusions

The application of the “f(α) test” to various kinds of solid
state reactions leads to a possible classification in two families,
according to the answer “yes” or “no” to the question: isα a sep-
arate variable of dα/dt? Various situations may be distinguished
within each of both families as commented below.

4.1. α is a separate variable of dα/dt

When the “f(α) test” is successful, it means that an expression
for f (α) can be found among the “kinetic models”An, Rn, Dn,1

etc. of the literature, that fits correctly the kinetic data obtained in
isothermal and isobaric conditions, taking into account the geo-
metrical shape of the initial particles, and if necessary a particle
size distribution. It is only when the rate follows the Arrhenius
e inter-
p ld be,
i ,

sion
s les
r
t ysical
m tling
a r
v law).
W ve to
k vices
o

ig. 9. “f (α)” test in the case of the reduction of U3O8 by ammonia into UO2:
umps in temperature from 530 to 550◦C (the partial pressures in ammon
itrogen and water vapour were fixed to 0.625, 0.275 and 0.85 kPa, respec
 ).

quation that non-isothermal data could be also correctly
reted, otherwise whatever the mathematical method cou

t would lead toE values varying withα (or T). In most cases

1 D3 andD4 laws are proposed in the case of growth controlled by a diffu
tep in the product layer. TheD3 law (or Jander’s law) for spherical partic
esults from the combination of the equation of the contracting volumeR3 with
he parabolic law of diffusion (established for plates), and has no really ph
eaning. OnlyD4 law should be used in case of spherical particles (Gins
nd Brounstein’s law) or a modification ofD4 law when the ratio of the mola
olumes of the reactant and the product is different from 1 (Valensi–Carter’s
e think thatD3 law should disappear from the tables in the articles relati

inetic analysis, as well as from the software joined to the commercial de
f thermal analysis.
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Table 1
Various assumptions useful in kinetic models for solid state transformations and related answer to thef (α) test

Rate limiting step of growth Shape of the particles

Spheres Cylinders Plates

Instantaneous growth continuous nucleation – F1 F1 F1

f (α) test⇒ yes

Instantaneous nucleation Inward development Internal interface R3 R2 R1

f (α) test⇒ yes External interface (a) (a) (a)
Diffusion D4 D2 D1

Outward development Internal interface (a) (a) (a)
External interface (a) (a) (a)
Diffusion (a) (a) (a)

Surface nucleation-anisotropic growth Inward development Internal interface (a) (a) (a)
f (α) test⇒ no External interface (a) (a) (a)

Diffusion (a) (a) (a)
Outward diffusion Internal interface (a) (a) (a)

External interface (a) (a) (a)
Diffusion (a) (a) (a)

Surface nucleation-isotropic growth Inward development Internal interface Mampel Mampel Mampel
f (α) test⇒ no External interface (b) (b) (b)

Outward development Internal interface (c) (c) (c)
External interface (c) (c) (c)

Bulk nucleation-isotropic growth Internal interface A3 A2 A1

f (α) test⇒ yes

(a): calculated forZ = 1 andZ �= 1 in CIN22; (b): calculated forZ = 1; (c): not yet calculated.

this can be at the origin of many of the shortcomings outlined
and largely discussed in Ref.[1–5].

Moreover, it appears also that the mathematical methods
based on isothermal kinetic data appear well adapted for find-
ing the expression off (α) provided the experiments are done in
isobaric conditions with respect to all the gases participating to
the reaction. In such cases, it is interesting to mention that the
variations ofφ versus temperature and partial pressurePi can
be obtained from the kinetic analysis of the experimental data
acquired in various settled conditions (T,Pi).

An other possible situation is that of a reaction for which the
“f (α) test” is valid but none of thef (α) functions of the literature
appears to satisfactorily fit the isothermal kinetic data. This may
happen in (at least) two situations:

- The “kinetic model” (i.e. the expression off (α)) has not yet
been established or reported in the literature. It could be, for
example, the case of particles with inward growth controlled
by an elementary step located at the external interface like
for example an adsorption or desorption step, or a reaction
between adsorbed species. So it has been possible to establish
expressions off (α) different from the usualRn or Dn ones,
taking into account also the possible change in the molar vol-
ume between the reactant and product phases. In the table, we
have reported the various assumptions from which the math-

2

rs in
w lcula
i dels

- The transformation under study is not simple and results
from consecutive or parallel reactions. This last situation has
already been discussed in the case of simulated kinetic data of
the ICTAC project[6]. The formation of intermediate phases
during the transformation of a reactantA into a productB is
not always easy to detect (amorphous phase, melting phase,
. . .) but it is a quite frequent situation, as for the reduc-
tion of uranium oxide by hydrogen (cf. Section3.2). When
three consecutive reactions happen, each of them will pro-
ceed according to their own rate equation, i.e. a particular
couple ofφ andf (α) functions. In the example illustrated in
Fig. 8, the “f(α) test” is verified in each domain of the extent of
conversionα, which is in fact an “apparentα” resulting from
the combination of three “real” degrees of conversion defined
with respect to the three successive reactions[20].

4.2. α is not a separate variable of dα/dt

As previously discussed in Section2, this situation may cor-
respond to the reactions involving continuous nucleation and
growth, when the nucleation process occurs at the solid surface.
The (simple) reactions for which the nucleation and growth pro-
cess occur according to the assumptions of the Avrami–Erofeev
equation would verify the “f(α) test”. In all other cases, two
kinds of models can be used to interpret the variations of the
r

( ently,
M have
b

ematical expressions off (α) can be derived.

2 In our laboratory, we are using a software tool “CIN2” for several yea
hich the various assumptions listed in the table can be selected before ca

ngα and dα/dtvariations. It allows the calculation of nucleation-growth mo

t-

ate with time or withα (cf. Table 1):

Mampel, anisotropic growth) for plates, cylinders and spheres. More rec
onte-Carlo simulations for nucleation-growth models in case of cubes
een developed[26].
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- The Mampel’s model, which relies on the assumptions of
isotropic growth of the nuclei and a rate-controlling step
of growth located at the internal interface (cf. Section
2.1).

- A model of nucleation at the surface of the particles fol-
lowed byanisotropic growth: in this case the lateral growth
(i.e. tangentially to the surface of the particles) is supposed
to be “quasi” instantaneous compared to the radial growth;
the calculation ofα and dα/dtcan be done in a similar man-
ner than in the Mampel’s model (i.e. using a dimensionless
time θ and a parameterAM) for plates, cylinders and spheres,
assuming either inward or outward development, and that
the rate-limiting step of growth could be an interface step
(external or internal interface) or a diffusion step. For exam-
ple, we reported in a previous article that the kinetic curves
obtained for the dehydration of a powder of Li2SO4, H2O
in isothermal and isobaric conditions, could be accounted
by the model of nucleation and anisotropic growth con-
trolled by an elementary step located at the internal interface
[15].

As in Section4.1, it must be mentioned that in the case of
parallel or consecutive reactions, none of these models could
obviously account for the variations of the rate versus time.
The problem of complex reactions is that it is sometimes rather
difficult to ascertain the presence of intermediate phases, even
b y, X-
r tical
m
s ve
a ions
w tion
4 ithou
a men
o orde
t e
a tes
i ture
a

rate
l t the
r . Ga
w
i con
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o tion
( e
t
g ction
[

Finally, an advantage of the models of nucleation-growth
(surface nucleation and either isotropic or anisotropic growth)
presented above, is that the values of the kinetic “constants”
γ andφ, related to respectively the nucleation and the growth
can be obtained from the confrontation of the measured rate to
the calculated rate for each set ofT, Pi conditions prevailing
during the isothermal isobaric experiments. So in general, from
the determination of the kinetic model we can get the variations
of γ(T, Pi) andφ(T, Pi), propose corresponding mechanisms,
i.e. sets of elementary steps, then calculate the possible laws
for γ andφ assuming that one of these steps is rate-limiting
[16–20]. Moreover, we have also shown in various studies how
the variationsφ(T, Pi) can be obtained directly from experi-
ments and without any assumption, using (again) the sudden
change method[10,12,16–19,25]. It will also be interesting to
detail the basis and the advantages of this method in future
articles.

As a concluding remark, we hope that this attempt to investi-
gate solid state transformations using experimental tests in order
to choose the appropriate kinetic assumptions and the appropri-
ate kinetic model will contribute to overcoming some of the
difficulties frequently encountered in this research field.
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