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A critical assessment of the so-cailed “peak temperature methods” (originatly proposed
by Kissinger) is presented. The two ingredients of peak temperature methods, namely,
Kissinger's assumption and transformation equations, are considered. First it is argued that
Kissinger’s assumption although not being valid for DTA holds for DSC. Then it is shown
that the only way to use kinetic parameters obtained from non-isothermal experimental
data to describe both iso- and anisothermal kinetics is to take the same reaction rate equa-
tion for the two kinstics, as previously done by Henderson.

Non-isothermal calorimetric techniques {DTA and DSC} are rapidly becoming a
valuable tcol for obtaining kinetic data in a large variety of phase transformations
[1-5]. An important shortcoming of non-isothermal techniques is that it is rather
usual to have several reactions occurring in a given temperature range. When this
happens it hinders the obtaining of kinetic data from a single scan. Kissinger [1] was
first to suggest a method suitable for these cases. He showed that, assuming the maxi-
mum reaction rate coincides with the peak of the DTA curve, it was straightforward to
obtain kinetic data from severa! scans performed at different heating rates (multiple
scan techniques {2]}. Methods based upon Kissinger’s assumption are commonly called
“peak temperature methods”, and, although this assumption is not well founded for
DTA [4], they have been widely used for obtaining kinetic data [2—4].

The purpose of this paper is to present a critical assessment of "'peak temperature
methods”. The reason for the non-validity of Kissinger’s assumption for DTA will be
first reviewed [4], and it will be shown that instead it holds for DSC [6]. Then the
question of transformation equations will be addressed. Concerning this point it
should be noted that although the literature on thermal analysis shows a generai
consensus on how to analyze experimental data obtained from isothermal techniques
{7, 8], several and quite different methods have been suggested for the study of aniso-
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thermal kinetics {25, 7, 8, 10]. The fundamental difference between these methods
does not lie in the various analytical expressions assumed for the fraction reacted,
but rather it concerns what iso- and anisothermal kinetics 'have in common. Namely,
whereas some methods assume that the sarne reaction rate equation holds for the two
kinetics (method 1) {2, B], others take the same fraction reacted {method 11} [3] and
more recently it has even been assumed that neither the fraction reacted nor the reac-
tion rate foilows the same equation for iso- and anisothermal kinetics [9). The ques-
tion is whether these methods lead or not to similar results, and, in particular, whether
a particular method obeys or not what we shall hereafter calt the transferability
principle, that is, kinetic parameters obtained from anisothermal experimental data
should also be valid to describe isotherma! kinetics {the opposite should also hold).
The discussion will be illustrated by analyzing DSC curves for recrystallization
processes in cold rolled AAT145 and AAZC11 aluminium alloys [11], by means of
methods | and I1; in both cases the Johnson—Mehl—Avrami equations will be used [7].
The kinetic parameters obtained by means of the two methods will be used to describe
both iso- and anisothermal kinetics. 1t will be shown that whereas method | describes
correctly both iso- and anisothermal kinetics, methed !l fails in the isothermal case.
It will be argued that the reason for this failure is that method 11 uses different rate
equations for iso- and anisotherrnal kinetics. This provides a general conclusion
applicable to all methods used for the analysis of anisothermal data {pesk temperature
methods included), namely, in order to fulfil the transferability principle the same rate
equation has to be used for jsu- and anisothermal kinetics.

Critical assessment of pesk temperature mathads

This section will be devoted to criticize and compare the most commonly used peak
temperature methods. First the common base for all peak temperature methods will
be discussed: Kissinger's assumption [1, 2]. As regards transformation equations, the
use of two methods of types ! and I {mentioned in the previous section) will be
revised; in both cases the Johnson—Mehl—Avrami equations [ 7] wiil be used.

Kissinger’s assumption

Without any theoretical basis and mostly based upon some experimental evidence
Kissinger assumed some years ago that the peak of the DTA curve coincided with the
maximum reaction rate [1]. This assumption has been strongly criticized {4] and
argued that even in cases where it could be approximately valid it might lead to large
grrors in the kinetic parameters.

Kissinger's assumption does not hold for DTA {DSC will be considered later) if one
assumes Borchardt and Daniels” analysis of the DTA technigues [4] to be valid.

_ da dAT

E;zk%(hcp—d;+KAr) (1)
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This Eq. holds for constant heating rate h, namely T = T + At, Ty is the starting
temperature. In Eq. {1} « is the fraction of the transformation compleied at time ¢,
Cp the heat capacity of the cell {assumed to be independent of 1}, K the heet transfer
coefficient of the cell and A the total area under the DTA curve. AT is actually the
data obtained in a DTA experiment, the outcome of the experiment being a graph of
AT versus time (or temperature).

At the peak {p) of the DTA curve the following relations hold:

dAT ¢ _ _do 1
7oy, =0 and —L=AT| (2)

then at 7, the second derivative of & with respect to t can be written as

d2a _h2Cp d2a7

dt2 !T=Tp KA  d4r2. ,T=Tp

#0 (3)

Therefore Kissinger's assumption is invalidated. This result is a consequence of the
reaction rate not being directly proportional to AT but rather being given by Eq. {1}.
It should be here remarked that although Kissinger’'s assumption is strictly invalid,
it has been argued that, in some cases, it approximately holds, and the resuiting
kinetic data are very similar to those obtained by means of DTA single scan technigues
{3]. This might actually be the case whenever the DTA curve is rather flat around 7,
more specifically, when
%A?T<< h—/é;-AT around 7.

Note that this condition aiso depends on the characteristics of the DTA cell through
Cp and K.

Once proved that Kissinger's assumption is strictly invalid for DTA, we turn to
show that it hoids for DSC [6]. Differential scanning calorimetry directly gives the
heat evolved during the reaction, instead of AT. This fact ailows to cbtain alt) directly
from the DSC curve [12, 13], namely

_ Al

alt) Y]

{4)
where A(f) is the area under the DSC curve from the time {or temperature} at which
the reaction is started {fg) up to time {or temperature) ¢, nemely

t
Aty = fdt AC, (1) (5)
)
ACp(t), the output of the DSC experiment, is the change in specific heat along the
linear heating. Now if one differentiates Eq. (4) with respect to ¢, the following ex-
pression is obtained

daft)
dt

= AC, {0 (6)
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Note that now, in contrast with Eq. {2},-the reaction rate is directly proportional
to the outcome of the experiment.
At the peak of the DSC curve it is evident that

EM:O and therefore d2alt)
dt di?

This proves Kissinger’s assumption for DSC, and therefore kinetic parameters obtained
by making that assumption (peak temperature methods) are as trustable as those
obtained from any other method. This makes the conclusions achieved in this paper
concerning transformation equations {see next subsection} applicable to all methods
used to analyze enisothermal experimental data {peak temperature methads being a
particular case}.

=0 {7)

Transformation equations

It has to be remarked that as the two methods here considered have been thor-
oughly described eisewhere [2, 3, 5] we shall only outline briefly the points pertinent
to the present discussion.

Method | assumes that the reaction rate follows the same equation for iso- and
anisothermal kinetics, and that it can be factorized into two ordinary functions of
temperature and the fraction reacted o, namely

do

o~ HeglD) {8)

The rate function g{7) is usually taken equat to the Arrhenius relation, that is,
_ _AEN
gl =vexp [ RT] =gglT) {9)

where v is the frequency factor, AF the activation energy, and R the gas constant.
On the other hand, depending upon the actual reaction, the function fla) takes one
form or another, here we shall only discuss the so-called Johnson—Mehl—Avrami
equation [2, 7]
-1
da “

E?znﬁ —al{—In{1 —a}} 7 go(T) (10}

This is exactly the equation obtained for isothermal kinetics starting from the Avrami
Eqg. (7} for the fraction reacted that is,

a=1—exp (- {ga(T)t}7) (11)

where 7 is an exponent accounting for the nucieation rate and for growth morphology.
In obtaining o for non-isothermal kinetics one integrates Eq. (10) considering that,
now, gg(T) is a function of time through T, the final result is [2]

a=1 —exp{— (E—,—?éf-p(x))n} {12}
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where

= — == dx {13)
RT PHI =275

Summarizing, whereas the reaction rate is described in this method for poth iso-
and anisothermal kinetits by means of the same Eq. (10) [2], the fraction reacted is
not, being given by Eqgs {11) and {12} respectively. It is also worth remarking that
Meisel and Cote [5] have recently argued that in the anisothermal case the Arrhenius
rate function in Eq. {11}, should be replaced by am integrai from ¢ = 0 up 1o time ¢,
of the isothermal function rate {Eqg. {8)). Then Eq. {12) is obtained, and therefore
justified from an alternative point of view.

The transferability of kinetic parameters obtained with the method described
above has been proved in different cases [2, 5] and it wili be also checked in the
present paper.

The use of Kissinger's assumption leads to the following expression [2],

7y 1s the pesk temperature. This equation has been obtained by taking

AE
m» 1 (15)
this is usuaily valid for most solid-state reactions.

Equation {17} allows, through a piot of In h/Tg versus 1/A T, to obtain A and
v. Yalues for 7, are obtained from several scans at different heating rates (A). it shouid
be remarked that although the method gives AE and v, it does not aliow to calculate n.
The exponent /7 hias to be obtained from the full DSC curve or assumed tc be equal to
that of a similar isclated reaction. For example, recrystailization may in some cases
overlap with precipitation reactions. The latter can be eliminated by means of an inter-
mediate annealing [11], allowing the determination of 7. It can then be assumed that
the same 1 is valid for the two cases.

Equation (14) was first derived by Kissinger [1, 2] although taking n=1 in
Eq. (10), therefore, we shall hereafter refer to Eq. (14} as Kissinger's equation.

Method 11 has been recently suggesied by Augis and Bennett [3]. These authors
assumed that the fraction reacted for both iso- and anisothermal kinetics was given by
Za. (11), whereas, on the other hand, the isothermal reaction rate followed Eg. (10}
and in the anisothermal case it was cbtained by differentiating Eqg. {11) wiih respect
to time. The result is [3, 10],

do 7=l

S =nl e~ in (1 =a)] n gy (7) (1e)

where g1 (T} is given by
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AE(T — Tp)
mm:[? +'7;{"“]90(T) {(17)

Ty is the temperature at which the DSC run is started.

Notice that, as first remarked by Bosweil [10] the difference between this method
and method | lies in the rate function g(7), in fact Eq. {16} is identical to Eq. (10) but
with g1{7) instead of gg(7).

Kissinger's assumption leads now to the following equation

h AE
1 = + i
In [Tp"T’J} AT, ny (18}
This equation has been obtained by assuming that
Ty — T
LEpT 0 o, (19)
R 7‘3

this is essentially equivaient to Eq (15) as in most cases Tg is much smaller than 7).
Equation (18} can be used in a similar way as Eqg. (14} to obtain A£ and v.

Comparison betwean the two methods

The equstion from which the kinetic parameters are obtained in the two methods
{Egs (14) and (18)) are completely different. The analysis of the experimenta! data
will show that,

AE(K) = AEIAB) = AF and viK) #v{AB) (20)

where K stands for Kissinger, the first to obtain Eq. (14), and AB for Augis and
Bennett.

On the other hand it will be also shown that both procedures lead to similar non-
isothermal behaviours. This can be understood as follows. First a relation between the
parameters of Eq. (20) can be obtained from Eqs {14) and {18}, that is,

)Y  AE Tp-—Tg

(4B) R 72
v{4B) Tp

{21

Then to obtain similar non-isothermal behaviours, the exponents of Eqg. (11) with
AF and r{AB) and that of Eq. (12} with AE and v{K), should be simiiar, that is

T—Tg AEy  vK)AE
o vlAB) exp (=) === pix) (22)
and using Eq. (21}
AE N AF2 Tp — TG
(T — Tglexp (-* ﬁ) ~—/§~——“7-,3“—p(x) {23)
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This approximate 2quation holds i the reaction occurs in a narrow femperaiuiv rangs,
for in this case only exponential functions vary strongly in the temperature rangs and
it can be taken,

T—Tyg—-Tp—Tp and plx)~ (ﬂf €xp (—%‘;—:}

74
¥y

AF

Therefore for many 30lid state reactions, Eq. (23) might be approximately valid and
the non-isothermal behaviours predicted by the two methods will be very similar.

Now the controversy raises: if for both isothermal kinetics, Eqg. (11} is used with
paramaeters given in Eg. (20}, the isothermal behavicurs will be noticeably different,
wherzas, as discussed above, the anisothermal ones are not. As stated eariier in this
paper, it will be shown that method !l do in fact fail in describing isothermal kinetics.
The reason for this failure will be proved to be the use of different rate equations for
{s0- and anisothermal kinetics. In fact this controversy would be settied had the reac-
tion rates for iso- and anisothermal kinetics been given by the same Eq. {16} and
therefore the fraction reacted by Eq. (11} for the anisothermal case and by the same
Eg. {11), with g¢{T} instead of g7}, for the isothermal case. But this turns out tc
se a method of type ! although with an equation for the reaction rate different from
the usual Johnson—Meh!~Avrami equation (Eq. (10)).

Experimental procedures

Material

As mentioned in the introduction the expsrimental data analyzed & this work are
on recrystaliization processes in commercial aluminium alloys. Two alloys were used,
namely, 1145 and 8011, both continuously cast (compositions in Table 1). The alloys
were supplied by the Relling Division of the "Empresa Nacional del Aluminio, S, A.7,
iiwz as-cast thickness being 8.0 mm. The two alloys were 8§0% cold rolled in a labora-
tory rolling mill, and submitted to an intermediate anneai at §73 K for 2 h, to avoid
interference with precipitation reactions [11]. The samples were 85% cold rolled after
intermediate annealing.

Morthod

The DSC measurements were performead using 2 Perkin—E&imer OSC-20 apparatus
controlled through a mini-computer. The runs were carried cut at hesting rates of
5, 10, 20, 40, 60 and 80 deg/min from 300 K to 800 K, and under dynamic nitrogen
atmosphere {1 i/h}). High purity aluminium was used as reference. Samples for DSC
measurements were discs 5 mm in diameter punched from the rolled sheet. It has to be
remarked that as the total energy released in recrystallization processes is very small,
the highest sensitivity of the DSC apparatus is required, This increasss the noise
{Fig. 1), leading to an ervor in the determination of the peak temperature of £2 degree.
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Tabie 1 Chemical compositions {as obtained from atomic absorption)
in wi% for the two alloys used in this work

Fe Si Mg Mn Zn Ti Cu

AA1145 031 o111 0.0 005 0.02 0015 0015
AA8011 0685 059 0007 003 0.016 0017 0.012

8 10 >
T 4
3 Alloy AATIS .
; heating rate 10K/ min :’*‘
£ L e DSC curve / I
s : Q023g7-K
E uuuuu Base line { g
w = o wem s Froction reacted
a5

. WWWW - ’d
= 7 Endo
o | Jaee® ! L
640 560 580 6CO 620 640
Ternperature , K

Fig. 1 DSC curve and fraction reacted {as obtained from Eq. (3)} for alloy AA1145 85% cold-
rolled after an intermediate anneal at 400 °C for 2 h. The exothermic reaction is mainly
associated to recrystallization processes {see vef, [11]}

As mentioned above isothermal experiments were also carried out in the same DSC
apparatus, at 580 K and 590 K. Two are the main difficulties of isothermal experi-
ments, i) the loss of stored energy during the initial period in which the sample is
heated up to the desired temperature, and ii) time needed for sample equilibration.
To reduce the effects of these difficulties to a minimum, a medium heating rate
{80 deg/min) was used up to 500 K, and then a higher one {320 deg/min) up to
the actual temperature. The two chosen temperatures were found to be the most
adequate for alloy AA1145. Despite these precautions only data for the time at
which the reaction rate is maximum, were considered as reliable.

Results and discussion
As pointed out eisewhere [11] samples subjected to an intermediate anneal at
400° for 2 h, have a DSC curve with a single exothermic reaction (Fig. 1) mainly

related to recrystallization process. At higher temperatures an endothermic reaction

J. Thermal Anal. 28, 1984



LOUIS, GARCIA-CORDOVILLA: DETERMINATION OF KINETICS 1147

Table 2 DSC peak temperatures (K) for the exothermic reaction {re-
crystallization} in alloys AA1145 and AABD11 {see Fig. 1},
as a function of heating rate # {deg/min)

h 5 10 20 40 &0 80

AA1145 592 801 612 622 827 5832
AABO11 559 565 572 580 583 587

Tabie 3 Kinetic data {activation snergy AE (kJ/mol} and frequency
factor » {min—1}} for recrystallization reactions in allovs
AAT145 and AAB011 as obtained from two peak tempera-
ture methods {see text). Peak temperatures given in Table 2

Kissinger Augis and Bennett

Data
AF v AE v

1145 2043 3.60 1017 2037 1.73.1016

thiswork g541 2567 09.58.1023 2585  3.03- 1022

appears, asscciated with the redissoiution of phases formed during casting and inter-
mediate annealing [11]. in Table 2 the peak temperatures of the DSC curves for the
two alloys and different heating rates are reported. From these data the kinetic
parameters (activation energy and frequencgy factor) were obtained by means of either
the Kissinger or Augis and Bennett equations (14) and (18} respectively; the resuits
are given in Table 3.

It should be noticed that the activation energies obtained from the two methods are
very similar whereas the frequency factors differ by a factor of 20—30.

Once obtained the activation energy AF and frequency factor v, the fraction
reacted a might be evaluated for different values of n by means of either Eq. {12)
with data named Kissinger in Table 3 or Eq. (11} (with g1{7} given by Eq. {17)) and
data named Augis and Bennett in Table 3. The results for ¢ can be compared with
those obtained from the full DSC curve. Figure 1 shows the DSC curve for alloy 1145
and the fraction reacted alt) as obiained from that curve. The value for the exponent
n which best fitted the DSC results was found to be 2.5 for the two alloys [11].
The DSC results and those obtained from the two peak temperature methods for alloy
AABO11 are shown in Fig. 2. Similar results were obtained for ailoy AA1145,

it is striking that the two peak temperature methods lead to very simiiar aniso-
thermal behaviours having very different kinetic parameters. Although the reasons for
this result were discussed in the previous section, it will be considered here once more
although from a slightly different point of view. As noted above, the two peak tem-
perature methods use equations for the reaction rate which only differ in the rate

18 J. Thermaf Anal. 28, 1984
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Y
§ 100 T e
2 Alloy AASON /’,/‘
Ei heating rate 10K/min ',, 4
= o Kissinger iA
% g5~ ==== Augisand Bennett / /'
B s = DSC J
i
050
025+
Otses L i
570 580

Temperature, K

Fig. 2 Fraction reacted as obtained from the DSC curve {Fig. 1) and from the two peak tempera-
ture methods discussed in the text, for alloy AABO11. Kinetic data given in Tabie 3. The
exponent 7 (see text) has been taken equal to 2.5

— 0.50 =
e g
¥ £
= P
= 2
%o £
2.300
£
=275
250~ AATGS
- wm AABON
| ] b1 | | 025
200 300 400 500 600 700 800 900

Temnperature, K

Fig. 3 Plots of Bas (25) and (26} for recrystallization processes in alloys AA1145 and AABD11.
Kinetic parametérs given in Table 3

function g{7). Figure 3 shows the logarithm of the ratio between the two rate func-
tions, that is,
g
" {25}
gf‘B {7 :
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where the superscripts K and A8 stand for Kissinger and Augis and Bennett parameters
{Table 3) and the functions gg and g1 are given in Eqgs (9) and {17) respectively. it is
noted that in the region where the reactions occurred, i.e. 500—800 K the two g{(7)
functions differ by less than 10%. The behaviour close to 300 K is due to the dif-
ference 7 — Tg in £q. {17).

These results are in line with the comments of the previous section and give the
reasons for the similarity between the non-isothermal behaviours predicted by the two
peak temperature methods.

We turn now to compare the isothermal behaviours predicted by the two peak
temperature methods. They are completely different as the fraction reacted is given
in both cases by Eg. (11). In fact if we piot

g&in
g&B M

In (26)

marked differences are found {Fig. 3). To see which, of the two methods gives the
correct results for isothermal kinetics, we compare the predicted values for the time
at which the reaction rate is maximum with those obtained from the isothermal ex-
periments. The experimental results are 1.9 min and 4.7 min for 590 K and 580 K
respectively, whereas the predicted values are 2.7 and 5.4 min for method 1, and 5.2
and 107.0 min for method Il. This supports furtherly the reliability of the method
suggested by Henderson [2], and proves the failure of method 1 in describing iso-

therma! kinetics.

The isothermal resuits obtained with method 1l would have been much closer to
the experimental cnes and to those of method | had we use g£'8{7) in Eq. (11) instead
of gé‘B(T). But this would have amounted to use the same rate equation for iso- and
anisothermal kinetics (Eq. (16)) and different expressions for the fraction reacted
{(Eq. {11)) with g4 (7} and go(T) respectively).

Concluding rewaris

The foliowing conclusions arise from the discussion of the previous sections:

i) Kissinger's assumption, although not being valid for DTA, holds for DSC.

ii) The only way to consistently apply a given method to the analysis of aniso-
thermal experimental data, is to describe the reaction rate for both iso- and aniso-
thermal kinetics by the same eguation (it does not matter whether this equation
coincides or not with Eq. (16). This procedure guarantees that, the transferability
principle, that is, kinetic parameters obtained from anisothermal experiments should
be aiso valid to describe isothermal kinetics and vice versa, is not violated.
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Zusammenfassung — Die urspriinglich von Kissinger vorgeschlagene sog. “Peak temperatur-

Methode™ wird einer kritischen Uberpriifung unterzogen. Die zwei Bestandteile dieser Methode,
namlich Kissinger's Annahme und die Transformationsgleichungen werden erértert. Zundchst wird
bewiesen, dall Kissinger's Annahme, obzwar sie nicht fiir die DTA giiltig ist, fir die DSC zutrifft.
Danach wird gezsigt, daf die einzige M&glichkeit, von Daten nicht-isothermer Experimente kine-
tische Parameter zur Beschreibung sowohi einer isothermen ais auch einer nicht-isothermen Kinetik
zu erhaiten, darin besteht, fiir beide kinetische Falle die gleiche Reaktionsgeschwindigkeitsglei-
chung anzunehrnen, wie schon frilher Henderson verfahren ist.

Pesiome — lpeacvasneHa KpuTHYECKAs OUEHKA TaK HasLIBAEMEIX 'METCHOB TEMNERATYpPHbIX
MKOB'’, ENepBble NpeAnomkeHHbix Kuccurmepom. PaccMOTpeHs! ABE COCTaBHBIE 4acTh METO-
AOB TEMMEPETYPHLIX NUKOB Mo KucoUHAKEPY: YPasHeNMWA AOMYILEHA W npeoBpasopaHuA.
Cravana nokasaHo, 4TO ypasHenue gonyuienus Kucouuawepa we npuMelumo K metopy [TA,
HO cnpaBesnuso ana meroda JCK. 3atem nokazaHo, 4T0 TONBKO MCNONL30B3HWA KUHETUMECKNX
NEpaMeTPoOB, NOMYUEHHBIX U3 HEUIOTEPMWYECKUX IKCIEPHMEHTaAbHLIX AaHHBIX ANH ONUCAHNA
CBOMX HM30- ¥ HENIOTEPMUYBCKUX KMHETUK, YYUTLIBAET TOXE CEMOE YPasHEHWE CKOpPOCTH peax-
UWAW AR ABYX KKHETHK, Kak 310 pasee 6sifo cAenaHo XeHAepcoHoM.
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