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AB!sTRAcT 

Various analytical methods of non-isothermal kinetics have been applied to 
DSC curves to determine the kinetic parameters ruling the lattice reorganization 
(primary recrystallization) of prestrained pure copper. 

The techniques by Borchardt and Daniels, and Rogers and Smith have been 
modified to make them suitable for complex phenomena other than nth-order 
reactions. 

The results supplied by the new formulas are consistent with the data previously 
obtained under isothermal conditions. The same applies to the other methods tested, 
provided an accurate temperature calibration be made to correct the thermal lag of 
the calorimetric sensors. 

Such a calibration is of prime importance when DSC peak shifts are analyzed as 
a function of heating rate. 

J.KlRODUCTION 

Isothermal measurements carried out by high-sensitivity calorimeters to study 
thermally activated processes suffer severe limitations whenever the materials 
employed have to be quickly preheated to working temperature. 

Serious difliculties, in fact, are encountered both in enthalpic and kinetic 
analysis during the first stages of the process, due to baseline perturbations and to the 
thermal inertia of the instrument_ 

It was previously shown in one of these cases, namely the recrystallization of 
deformed metals, that stored energy released by pure copper can be easily determined 
through the DSC technique, by a method which is able to detect the effects produced 
by some tens of ppm of foreign elements added to the pure meta11*2. Moreover, 
DSC measurements were carried out on specimens partially recrystallized at constant 
temperature to determine their residual contents of stored energy, so as to obtain a 
picture of isothermal heat evolution during recrystallization, avoiding the drawbacks 
of isothermal calorimetry. 

One object of the present work is to check different theoretical formulations for 
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non-isothermal kinetics and to point out that ac’,ivation energy of recrystallization in 

metaIs can bz determined by the DSC curves of stored ener_gy reIease_ 
Furthermore, an evaIuation of the effect produced on the thermograms by the 

thermal inertia of the DSC apparatus is considered possibIe in the present favourabIe 

experimental conditions (high conductivity of copper, good geometrical reproduci- 

bility of the specimens, constancy of specific heat throughout the Iattice-reorganization 

procc). 

FinalIy, an attempt wiIl be made to adapt some kinetics theories for n&order 

reactions to complex kinetics in solids and to appIy the new expressions to the study of 

recrystailization kinetics in copper. 

(a) Materials and methods 

The study of the thermal effect connected with recrystallization has bezen 

carried out on pure copper (99_999%, of the firm Koch-Light) deformed by rolling 

(reduction in thickness of 85%) and submitted to heating at a constant rate in an 

apparatus for quantitative differential thermal anaIysis (DuPont DSC cell connected 

with a 900 differential thermal anaIyzer). 
The purity of the protective atmosphere during DSC runs and the constancy of 

shape and weight of the specimens proved to be of prime importanceXV2 to obtain a 

good reproducibility of the thermograms (within 3% of area). A 4 I h- ’ flux of argon 

depurated on AI amalgam, Ca chips zt 7OO’C and Zr powder at IOOO’C was used to 

prevent any oxydation of copper. A thin sheet of rhodium (0.1 mm) has been intro- 

duced between the constantan sensor and the copper specimen to avoid solid state 

diffusion at the higher temperatures tested 

Rolled sheets of copper have been punched to obtain the deformed specimens 
in the shape of discs of 4.5 mm in diameter, 0.96 mm in thickness and 132 to 135 mg 

in weight after eIectroIytic polishing, 

(6) CaIibra:ion 

The corrzspondence between the recorded temperature and the sample 

temperatu-te, and between the area of the thermogram and the energy has been 

calibrated by submitting to DSC runs 3 few miIIigrams of pure metaIs which absorbed 

2 to 6-IO-= cal during melting. A recry$aIIized sampIe drilled in the center of its 

upper face down to the core has been used as a support for meIting met&, in order 

to reproduce the heat transfer path from the specimens to the thermo-electric disc. 

The energy calibration curve, giving Cal cm-= at the various temperatures, 

fitted the experimental points with a maximum deviation of 6%. 

After a first test which produced a good contact between the melting metal and 

the support, the melting temperature was reproducibIe within + 1 “C. In this way 

calibration curves of the “real temperature” of the specimen (i.e., the meIting points 
reported in the literature) were obtained as a function of the temperature recorded by 
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the instrument at different heating rates between 5 and 70°C min- ‘. The deIay in the 
calorimetric response depends, as foreseeabIe, on temperature and heating rate. In 
the present experimental conditions the recorded temperature exceeds the real one by 
4°C at 150°C and by 17°C at 400°C for the lower heating rate (5T min- ‘): whereas 
the difference is stronger for hi&er heating rates, passing, for instance, from 12°C at 
150°C to 26°C at 4OO’C when temperature increases linearly at 70°C min- ‘_ In the 
temperature range examined (150 to 400°C) the temperature correction to be made 
on the thermograms increases with specimen temperature in an almost linear way for 
ali the heating rates adopted (5 to 70°C min-‘). 

The fact that the DSC curve is a delayed picture of the real thermokinetics has 
been confirmed by quenching tests that stopped an energy evolution in course and 
were folowed by a new heating run to determine the residual contents of stored 
energy. 

A quick admission of liquid nitrogen, sucked inside the CSC cell at the peak 
temperature, was abie to quench recrystallization at a rate of 90”Cmin-’ (as 
monitored by the sample thermocoupIe) or possibly higher, as the specimen screened 
the thermoekzctric disc from liquid nitrogen and its vapours. 

I I 
I -NC 1 

Fig. 1. Quenching tests on prestrained copper heated at different rates. Upper curves refer to a 
first DSC run interrupted at TX_ Middie curv es show the residual contents of stored energy in a 
second heating run after querxhing, and dashed areas indicate the heat evoIution not recorded 
because of instrumental inertia. Baselines taken in a third run after recrystalIization are also reported. 
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Some examples of quenching tests during heating at different rates are reported 

in Fig 1, where three successive DSC runs on a same specimen show the trend of 

stored energy release interrupted at TM, the r&dual energy contents after quenching 

(always recorded at the same rate, 30°C min- ‘, for quantitative comparison) and 

finaliy the bascIine behaviour of the f&y recrystallized specimen. 

The symmetrical shape of DSC peaks does not change with heatingrate, as wilI be 

referred later on, thus the areas of the half peaks recorded in the first runs correspond 

to a same amount of ener_eq; release. They only differ because the sensitivity of the 

instrument depends on the heating rate and is enhanced by a heating-rate increase. 

The second runs clearly show that the higher the heating rate before quwching, 

the lower the residual contents of stored energy retained by the specimens. In the 

present conditions of a reiatively high quenching rate, such difference could hardly be 

attributed to changes in quenching effectiveness. It is more reasonable to attribute 
them to the differences in the response time of the DSC apparatus, detected by the 

melting tests at the various heating rates_ The samples would thus reach different 

stages of ener_ey evolution beyond the peak, which arc not yet recorded at the moment 

of quenching (dashed portions of Fi,. 0 1, deduced from the residual energy contents). 

When peak temperature TV is recorded by the instrument, the true condition of 

the sample is therefore the one corresponding to the end of the dashed curve and the 

real TM has aheady occurred at a lower temperature. 

Such a calibration conGrms fairiy well the trend of the curves of the real 
temperature obtained by meIting tests, and only gives a rather stronger temperature 

correction. This fact !eads to surmise that the thermal geometry of the melting metal- 
copper support system might bc improved by a more sophisticated circular distri- 

bution of the melting metal around the center of the copper support- The importance 

of temperature calibration and its accuracy will be discussed in the next section. 

RESLiiTS AXD DISCUSSION 

The fractions of srored enerm released during linear temperature rises have 

been determined on the DSC peaks recorded at various heating rates. These Q values 

are reported in Fi,_ 0 2 as a function of the specimen temperature c.aIl%rated by the 

melting tests. 

DiKerent analytical methods of non-isothermal kinetics have been applied to 

the results mentioned above in order to obtain the kinetic parameters of rccrystal- 

IizatiOIL 

(a) Dependhce of peak temperature on keatihg rate 

A pronounced symmetry ~XG always been displayed by the thermograms of the 

differential temperature in several DSC runs under different heating-rate conditions. 

Therefore the temperature of half recrystallization (transformed fraction 
z = 0.5) coincides quite well with the peak temperature TM, i.e., the flex point in the 

curves of Fig. 2, and this occurs independentIy of heating rate. 
The requirement is thus met of a constant transformed fraction at peak 
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Fig. 2_ Stored+uerH re1eas.e as a function of temperatures fractions of stored energy rekased by 
pure copper (99.999%) 850/o cold-rolled submitted to linear temperature rises at different rates 
beta-em 5.5 and 50°C min- I_ 

temperature to obtain a correct value of activation energy from the relationship 
between absolute peak temperature T’ and heating rate 4, as discussed by Ozawa3 
and Rogers and Smith4. 

Figure 3 shows how the experimental points linearly fit the Io,&thmic plots of 
q5 (Ozawa’s method)3 or 4/2”& (Kissinger’s method)’ as a function of the reciprocal 
absolute peak temperature. 

The effect of temperature calibration on the sIope of the straight lines (derived 
by the least square method) is shown in the same figure, where the trend of the curve 
corrtied by the quenching tests is only approximatively indicated by the dashed line, 
because of the limited number of heating rates tested. 

WhiIe the approximations contained in Kissinger’s and Ozawa’s methods lead 
to simiIar values of activation energy E (see Table I), it must be remarked that a 
temperature calibration by mehing tests furnishes an activation ener_gy 25% higher 
and a further increase of around 11% may be deduced from the quenching tests. 
What is more, the temperature corrections adopted make the E vaiue become 
consistent with the one previously obtained by the isothermal method and reported in 
Table I for comparison. 

As Ozawa pointed out 3, the relationship between heating rate and peak 
temperature only holds for DSC cmves (and not for DTA), in virtue of their 
derivative character with respect to the thermal effect detected. On the other hand the 
position of the thermoelectric sensors outside the sample, and their consequent 
thermal iag which increases with heating rate, is an intrinsic characteristic of DSC 
apparatus_ Therefore Kissinger’s and Ozawa’s plots always Iead to underestimate 
activation energy if a calibration of sample temperature is neglected. The error is 
around 30% in the present study on copper specimens, but it might be higher for 
simihu amounts of materials of lower conductivity. 



Fig_ 3_ Kissinger and Ozawa pIots showing dependence of peak temperature TM on heating rate 4 
for DSC curves of deformed copper- 0, peak temperatures rewrdcd by the instrument; 0, - - - 
cfTcct of temperature caIibration on the trend of the curves. 

Such considerations can account for the low values of activation eneqzgy 
reported in literature when the results of this method are compared with those 
obtained otherwise4*6. 

A peculiar characteristic of Kissinger’s and Ozawa’s plots, that marks them off 
from the other methods of non-isothermal kinetics, is their ability to supply activation 
ener_gy data independentIy of any assumption of a kinetic model. Rate equation need 
0nIy be of a very general type: 

z = k(T)f(a) = Ze-“JRTf(z) 

as is also req-uired to determine E by the isothermal method, where log t is plotted 
versus l/T for the same transformed fraction sL. 

It is worth noting, with respect to the recrystallization process examined, that 
straight lines with a slope practically coincident with that of the curve in Fig_ 3 are 
obtained in Ozawa’s plot for different values of constant a (even other than OS), so 
that the activation energy is constant (standard deviation of Iess than I koal mol- ‘) 
throughout the whole DSC peak of stored energy evolution.. An examination of the 
isothermal data previously collected’ confirms such a result, thus indicating that in 
85% deformed copper the complex lattice reorganization, taking place through 
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nucleation and boundary migration, seems to be ruled by a single value of activation 

energy. 

(b) Sit&e peak analysis 
All the methods concerned with the analysis of a whole DSC peak either 

require the choice of a specific function of the transformed fraction in an exphcit 

form or assume that the investigated process be of nth order. 

Referring to methods of the former type, Zsako7 and Satava and Skvararje9 

pointed out that the integration of rate eqn (I) under conditions of a constant 

heating rate 4 = dT/dr, giving 

g(4 = 

may be transformed into a logarithmic expression independent of temperature: 

log g(c+--log p(x) = log z 
( > R# 

(2) 

(3) 

In the temperature range where recrystaIlization of copper occurs and for an 

activation energy of 30 kcal mol- ‘, Doyle’s appro:;imation of i~g p(_rj = --2.315- 
0.4567~ coincides particuIarIy we11 (- 1.2% of error in the sIope when plotted vs. I/T’) 

with the true values of log p(x) tabulated by the same author”. 
Therefore the introduction of Doyle’s approximation in relationship (3) giving: 

log g(r) = -00.4567 (4) 

is justified for an analysis of the rest&s of the present work, as already assumed when 

Iog 4 has been plotted vs. l/T according to Ozawa. The expressions of g(z) for various 
mechanisms acting in solid-state processes have been extensiveIy reviewed by 

Sestak’ =. The efficacy of such relationship in accounting for copper recrystallization 

data has been checked on the present results by piotting Iog g(z) against l/T, as 

suggested by Satava’ r _ The tabfe of Fig. 4 reports the Iinearity interval, the activation 

ener=T and the preexponential factor 2 calculated from the above-mentioned plots 

relative to mechanisms reasonabiy involved in recrystaIIization_ 

As seen, the Iinearity interva1 never extends beyond 60% of energy released and 

its extention scarcely helps in detecting the best g(z)_ In this case, the activation 

energy value furnishes a criterion for ch&e, since only Johnson-MehI-Avrami’s 

equation with the exponent r = 2/3 gives a resuIt of 29.8 kcaI mol- ‘, in good agree- 

ment with the data obtained by methods independent of a kinetic model (isothermal 

measurements, Kissinger’s and Ozawa’s plots). 

The same choice of g(z) = [-In (1 -z)]“~ is also supported by the 11.27 value 

found for log 2 since the preexponential factor for thermaIIy activated processes in 

solids is stated as falling within the field of 10 “-10r4 set- ’ (refs. 12 and 13)_ 



Fig. 4. Sa%wa plot of log g(z) vs IIT for DSC curves of deformed copper heated at 30°C min-‘. 
The a-function of Johnson-Mehl-AvramiL kinetics f(z) =(1-a) [-In (I-Lz)]“~ has been used 
to obtain the integral %aIua reported on the ordinate as n logarithm. The corresponding values are 
reported in the same figure to evidentiate the linearity interval- The results of an application of this 
method for other kinetic models are reported in the table on page 9 below. 

Actually, recrystaIIization kinetics has been hitherto best descrii isothermally 
by Johnson-Mehl-Avrami’ s kinetics for nucIeation and crystal growth, even though 
their analyticaI expression has proved to be faizing in the Iater stages of the pro- 

14.15 cess 1 i 

The same applies to the present case, as results in Fig. 4, where log g(z) for 
needle type growth of random nuclei is reported as a function of l/T. 

satava’s method therefore indicates that the kinetic theory for phase trans- 
formations in metals by Johnson-Mehl-A vrami is a good approach for a kinetic 
study of recrystallization, but aIso shows its limits of validity. 

In the Iack of a completely satisfying theory to account for the stored energy 
fractions released in the whole temperature range where energy evolution occurs, an 
attempt has been made to express f(z) as a tw*function product, according to the 
suggestion by &st5k and Berggren for empirical kineticsr6. 
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(c) Empirical kinetics: extenrion of Rogers and Smith’s, and Borchardt and Daniel’s 

methou 

It has been mentioned above, while discussing the single-peak analysis, that 
some methods are concerned with nth-order reactions_ These treatments are not 
suitable for the present recrystallization study, since the analysis of the thermograms 
according to the method by Satava has clearIy shown that a singIe function like 
f(z) = (1 -a)” cannot agree with the experimental data. It is claimed, however, by 
Sestak and Berggren that f(r) in solids may be expressed as follows: 

f(a) = P(l-a)a[-ln (1 -a)]” (5) 

and that only one or two exponents, out of the three m, n andp, need be determined, 
since no more than two a-functions are required for a complete description of f(z) in 
all the cases examined until now1 6. 

The kinetic treatments by Rogers and Smith4, and by Borchardt and Daniels” 
may then be adapted to all the types of kinetics in solids by substituting expression (5) 
to the simpler function f(a) = (1 -a)” employed for nth-order reactions. 

Let us thus assume as a starting kinetic equation 

$ = k(T)r”(l -a)“[-In (1 -a)]’ (6) 

Kinetic equation’ Infercal of 

linearity (% ) 

E Log Zb Stan&r@ 

(kcal mol- ‘) dezibtion 

DiJhsion 

CG=kr 

(1 -z) In (I -cz)+a = kr 
~I-_(l-a)“3~2=kz 
(1-2j3a)-(1-a)2’3=kf 

Phase &oundary read. 

11-(1-u):)“~1 =kr 
II-(l-a)*‘“/=kr 

Ran&m nuclurtion 

1 --In (1 -a)/ = kt 
j-h (I-z)I”’ = kf 
i-h (l-z)i”2=kt 
1-h (1 -a)]*” = kt 

~-ln(l-a)j*~i=kf 

Polea hw 

a1I4 = kt 

alI3 = kf 

aL’/z = kt 

a=kt 

20 
33 
33 
33 

33 44.1 17.21 0.009 
33 44.9 17.40 0.010 

60 

60 

60 
60 
60 

47 10.0 2.79 0.005 
47 13.4 4.15 0.007 
33 20.9 7.38 0.004 
33 41.9 16.46 0.007 
33 628 25.67 0.011 

84.5 35.29 0.015 
86.7 36.01 0.016 
89-8 36-83 O-021 
87.7 35.85 O-017 

44.7 17.81 0.022 
29.8 11.27 0.014 
22.4 8.04 0.011 
14.9 4.86 0.007 
11.2 3.30 O_OOS 

l The case models reported are extensively reviewed by %~tAk’~. b Z is expressed in set- ‘. c For the 
experimental point5 with respazt to the Iwt squares line. 



156 

In this case the b defkction of the DSC curve from baseline, according to 

Rogers and Smithq becomes: 

b=AZe- E’RTda(l -c$[-In (1 -a)lp (7) 

where A is the total area under the DSC curve*. 

Differentiating eqn (7) with respect to time, and taking into account that 

b = A(dz/dt), we have: 

n P E dT1 --- 
A(l-a) + A(l-CY)[--In(l-z)] + RT’ dt b 1 

hence: 

(I -2) db --- 
b2 dt 

Rl(1 -z) + P 

AZ A[-In(l-a)] =b-RTz 1 4E (l-a)_: 

(8) 

(9) 

This equation coincides with the original reIationship given by Rogers and 

Smith when m =p = 0. The plot of the Ieft side of (9) against 1 -a/b- T2 shouId then 

furnish a straight line with qE/R slope and -n/A intercept at the origin 

If it is considered that db/dt = 0 at the peak temperature T&r, the frequency 

factor 2 can be obtained from eqn (8) or (9) by substituting for b its value expressed 

in relationship (7): 

z 4E = - eEIRTM [m&(1 -a,3”-l [-In (1 -as3]p- 
RG 

(10) 

Borchardt and Daniels’ method, too, can be generalized by starting again from 

eqn (6) to express the reaction rate. But since the above-mentioned authors” refer to 

the initiai and actual number of reacting moles (N,, and N) it is more convenient to 

rewrite eqn (6) in the following form: 

-‘s = k(T)& a”(1 -cL)p[-In (1 -a)]’ = 

The calibration coefficient used to calculate the heat effect from peak area is taken as independent 
of temperature in Rogers and Smith’s theory- When such a condition is not fulfilled, but the calibra- 
ticm coefiicicnt has a small and aImost Iinear variation in the temperature range covered by the 
process investigated_ its mean k-alue in this temperature range may be taken as a constant (as con- 
sidered in Rorchardt and Daniclf treatment)_ 
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On the other hand, reaction rate and moles present at time t are related by 
Borchardt and Daniels to the differential temperature AT, to the specific heat of the 
sample C, and to the heat transfer coefficient K’: 

dN No --=- 
dt K’A ( 

c a= -i- K’AT 
’ dt > 

and N= N,,-(NJK’A) (C,AT+ K’a), where a is the area under the DSC curve 
swept out at time 2. 

Therefore, the introduction of these two expressions in eqn (11) enables one to 
calculate the rate constant in the following form: 

k(T) = 

dAT 
py+K’A 

= 

-&c~ATcKA).’ ’ 1 - - 

Equation (12) is reduced to the original relationship by Borchardt and Daniels 
for &h-order reactions when m =p = 0, but may also be employed in a simpler form 
when the conditions C,-dAT/dt<K’AT and C,ATeK’a are experimentally met. 
fn this case, in fact, the smaller terms may bc neglected and eqn (12) for the rate 
constant becomes: 

Equations (9), (10) and (12), or (13), can then be used to determine the kinetic 
parameters of processes with a known empirical f(a). The determination of this 
a-function for the recrystallization of copper and its introduction in the new formulas 
is dealt with in the following section. 

(d) Determination o,f f (cxj and empiricaI kinetics of recrystallization 
There are some indications from a DSC study of recrystallization on copper- 

oxygen alloys ’ * that an analysis of DSC peaks according to Rogers and Smith, and 
Borchardt and Daniels gives rise to linear p1ot.s. Even though recrystallization cannot 

in framed in a scheme of nth-order transformation, the fractions of stored energy 
released by copper specimens heated at a rate of 30°C min” also in the present case 
fit a straight line in a diagram derived from Rogers and Smith’s theory (upper curve 
of Fig. 5). 

The 1.7 reaction order deduced from the intercept value at the origin, or one 
slightly smaller (r = 1.6) as wilI be discussed later on, would Seem correct, since a 
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Fig. 5. Rogers and Smith plots according to the original method (upper curve) and to the generalized 
expression (9) adapted to Johnson-Mehl-Avramr -‘s kinetics (p = 113, lower curve) for DSC curves of 
&formed copper heated at 30% min- I. 6 and I are measured in milEmeters and seconds, respectively. 

Borchardt and Daniels plot (unsuitable for a first order reaction, lower curve of 

Fig. 6a) is properIy fitted if n = 1.6 (upper curve of Fig. 6a). 

However, activation energy and frequency factor given by such diagrams 

strongly disagree with the other values of Table 1. 
It is therefcre worth pointing out that a linear fitting of the experimental data 

in Rogers and Smith’s, and Borchardt and Daniels’ plots may be obtained even in the 

presence of complex kinetics, which is obviously misleading if one expects to draw 

correct kinetic parameters_ 

A recent work on recrystallization of copper by Okada et al. I9 can be submitted 

to this kind of criticism, since a first order kinetics is assumed to calculate activation 

energy, 

Rogers and Smith’s method, however, is found suitabIe for detecting the very 

value of n that makes Borchardt and Daniels’ plot become rectilinear (Fig. 6) 

This fact brings one to surmise that (I -z)” could be used as one of the two 

or-functions suitabie for an empirical description of the recrystallization kinetics of 

coppe=- 
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Fig 6. Arrhenius pIot of In k %x. l/Taccording to the Borchardt and Daniefs method for DSC curves 
of deformed copper heated at 3O’C min- I. (a) Original- method for two different orders of reaction; 
(b) modified method in the simpIer form (13) adapted to Johnson-MeN-A vrami’s kinetics (R = 1, 
p = l/3; lower curve) and to the empirical expression f(z) = (1 -z)‘-~ [-In (1 -a)]*13 (upper curve). 

The second function shouId be [-ln (1 -a)]9 which is contained in Johnson- 

Mehl-Avrami’s equation. The appropriate choice of p = l/3, in fact, leads to a p1ot 

of log g(z) vs. I/T(Fig. 4) which is by 60% linear and has a correct siope. 

The introduction of p = l/3 and M = 0 values in Rogers and Smith’s gener- 

alized expression (IO) gives origin to the linear fitting of the present results reported 

in Fig. 5 (lower curve). Whiie the intercept at the origin gives an n value similar to the 

one previously determined (1.6 instead of 1.7, it must be noted that both activation 

energy and frequency factor now become consistent with isothermai data, as reported 

in Table 1. 

Modified Borchardt and Daniels’ eqn (12) may be employed in its simpfer 

form (X3), in present experimenta conditions of prestrained copper heated at 30°C 

min- I. It may be seen (Arrhenius plot of Fig. 6b), that the introduction of the 

exponents n = 1 and p = l/3 in expression (13), as suggested by Johnson-MehI- 

Avrami’s equation, can onIy account for the first half part of DSC peaks (Iower 

curve), even though reasonable kinetic parameters may be deduced (see Table 1). A 

completely linear fitting of the Arrhenius plot is on the contrary obtained (Fig 6b, 

upper curve) if one takes for the exponent n the I .6 value furnished by the Rogers and 

Smith plot, corrected for the Johnson-Mehl-Avrami kinetics. 

Both the generalized expressions by Borchardt and Daniels, and by Rogers and 

Smith lead to determine activation energy and frequency factor in good agreement 

with the isothermal method (see Table 1). 



I60 

In the meantime both methods indicate that the rate of energy evolution during 

recrystallization of 85% cold-rolled copper depends on a function of the transformed 
fraction that may be expressed by: 

f(a) = (1 -a)Ie6 [-ln (I -a)]ln 

(e) Kineric pamrnerers of recrysrallization 

From a formal standpoint it is evident that the n = 1.6 exponent accounts for 
the symmetrical feature of the bell-shaped DSC curves, whiIe the p = l/3 exponent 
essentially fixes their width and the connected values of activation energy and 
frequency factor. 

As for the E parameter, it has been shown that calibration tests by quenching 
strongly afkts the results of Kissinger’s and Ozawa’s kinetic analysis and Iead to 
caIculate an activation energy higher than 31 kcal mol- I. Such calibration, though 
less effective in the case of the single peak analysis, Iowers the data of the generaIized 
methods by Rogers and Smith and by Borchardt and DanieIs down to 35 kcal mol- ‘_ 

el 
(m 

Fig. 7. Corrdation between isothcrmaI and non-isothermal heating, producing the same a trans- 
formed faction in deformed copper: Doyle plot of the log time of isothermal heating at 431 K and 
the reciprocal of the absolute temperature at different constant heating rates. 1 = 55°C Knin-‘; 
~~l~‘C~-~;~~~~“C~-‘;~~~~“C~-~;~~~”C~-’_ 
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A further confirmation of this same field of possible values ranging between 
31-35 kc-al mol- 1 is drawn from Doyle’s method2* which correlates the tm times of 
isothermal treatment and the Tm temperatures reached at constant heating rate to 
produce the same CT transformed fractions_ Doyle’s plot of log tLso at 431 K vs_ l/T,, 
for the present DSC results at various heating rates gives the straight lines of Fig. 7 
and a consequent mean value of activation energy of 34-9 kcal mol- ’ reported in 
Table I. 

The logarithmic values of 2 frequency factor are also given in the same table. 
Their calculation has been _performed on the basis of g(r) = [-In (I -z)J ‘13, as 
indicated by the Satava method, or of f(z), when needed, with the exponents n = 1.6, 
p = l/3. The g(r) contribution in the evaluation of 2 is very small, when the isothermal 
and the Kissinger’s and Ozawa’s methods are employed, so that these data are 
practically independent of the kinetic model chosen_ Taking a suitable f(z) is on the 
contrary of prime importance if 2 is calculated from Rogers and Smith’s or from 
Borchardt and Daniels’ expressions. 

As seen in Table 1, the relevance of a temperature calibration in the various 
cases examined is strictly parallel to the one discussed for activation energy results. 

In any case the corrections adopted are able to reduce the spread in the values of 
2 by making them fah in the range 10’“-10’4 set-‘, typical for solid state reac- 
tjons12.13_ 

TABLE 1 

KINETIC DATA FOR RECRYSTALLIZATION OF 
99.999% COPPER DEFORMED BY ROLLING 85% 

Merbod Activation energy, E 

(kcaf mcl- ‘) 

(a)’ (6) (4 

Lug of frequency fcctor, Z 

(2 in set- ‘) 

(a) (6) (4 

Kissinger’ 
0zaw.a’ 
Sataval l (n = 1, p = l/3) 
Rogers and Smith4 
Rogers and Smith modified 

01= l/3) 
Borcbardt and Daniels17 

(n= 1) 
(n = 1.6) 

Borchardt and Daniels 
mod&xi (n = 1. p = l/3) 
(n= 1.6, p = l/3) 

DoyIezo 

224 27.9 f 1.8 31.1 7.64 
23.2 28_4f 1.7 31.4 a.12 
30.8 29.8 6 0.6 29.0 11.48 
- 524 - - 

37.3 35_PfO_8 34-P 14.59 14.27&0_36 14-02 

- 47.0 - - 18.83 
- 49.4 - - 19.95 

- 30.7 - - 

36.4 35.3 60.4 343 14.15 
- 34.9*2s= - - 

10.3 1 so.79 1 3.62b 
10.60~0.78 1202b 
11.27f0.27 11-12 
21.37 - 

11.84 
13.9210.19 
- 

- 
- 

- 

13.70 
- 

Isothermal 33.623.4 13.43 f 1.7@ 

l The results are obtain& (a) from registered temperatures; and from temperatures calibrated 
(b) through melting tests, and (c) through quenching tests. bThe frequency factor is evaluated on 
the basis of the Johnson-MehCAvrami equation [-in (1 -a)] II5 = k(T)-t- c Standard deviation 
calculated for straight lines of Fig. 7. 
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Among the various methods tested for a kinetic study of recrystalfization, the 

isothermal technique, the non-isothermal anaiyses by Kissinger and Ozawa, and 

Doyle’s correlation between isothermal and non-isothermrd parameters do not 

require any initial assumption as regards the acting mechanisms to determine the 
activation ener,oy of the process investigated_ All of them have been found sufficiently 

in agreement, as to the value obtained for activation ener_ey, to lead one to discard ail 

kinetic formulations for solid state processes except the Johnson-Mehl-Avrami 
equation for linear growth of random nuclei (p = l/3), which is also supported by the 

corresponding vaIue of frequency factor, as mentioned above. 

A mono-dimensional growth of recrystallized particles could actually prevail 

in the deformed matrix of copper before grain growth after recrystallization, because 

of the strong tendency of this metal to produce textures of isooriented crystals. 

It should be of some interest, as far as the comprehension of the recrystal- 

Iization process is concerned, to assess the theoretical significance of a change from 

1 to I-6 in the n exponent of the Johnson-Mehl-Avrami theory, which only foresees 

possible variations of the p exponent, according to the dimension of the process. 

coNcLuSIO?x 

Generai aspects of non-isothermal kinetic analysis applied to the DSC technique 

have been considered in the present work, together with topics more specifically 

related to the recrystaliization process investigated on copper. 

Two orders of considerations have then been drawn, and those of the former 

type may be summed up as foliows: 

(I) Temperature calibration of DSC thermograms is mandatory when kinetic 

parameters are deduced from peak temperature dependence on heating rate- 

Kissinger’s and 0~2~2’s methods wouId otherwise make one underestimate activation 

energy and frequency factor- 

(2) When f(a) and g(g) functions of known reaction mechanisms cannot fully 

account for the experimental resuhs of a given process according to Satava’s method, 

this latter couId loose its efficacy as a means for detecting the more suitable kinetic 

model. The knowledge of activation energy deduced otherwise can, however, favour 

such a choice, thus giving information about the functions to be used for an empirical 

description of the phenomenon, as suggested by Se&k and Ber_ggrn. 

(3) A linear fitting of the plots by Borchardt and DanieIs and by Rogers and 

Smith is not probatory in establishing that the reaction or transformation is of nth- 

order, but rather indicates that (I -a)” is one of the two suitable functions for an 

empirical evaIuation of f(z)_ Both above-mentioned methods have been modified to 

widen the tieId of their application to more compIex kinetics, which could not be 

described in terms of n&order reactions_ 

As regards recrystaIlization of pure copper, prestrained to an 85% reduction in 

thickness, the following conclusions have been reach& 
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(1) Stored energy released during linear temperature rise gives a symmetrical 
DSC peak, the maximum rate of heat evolution always occurring at the half-trans- 
formation point a = 0.5, independent of which heating rate has been adopted. 

(2) Kinetic parameters of recrystallization derived from analytical methods of 
non-isothermal kinetics have been found consistent with the resuhs of the isothermal 
method. Six different ways of evaluation indicate that the activation energy lies in the 
range 31-35 kcal mol- l and the frequency factor between 10’ * and lOi set- I. 

(3) In spite of the compiex nature of the recrystallization process, the activation 
energy remains practicahy constant along the whole temperature range of stored 
ener_gy release. 

(4) The Johnson-Mehl-Avrami theory for phase transformation in metals can 
account for recrystallization progress in copper up to 60% of the transformed 
fraction, through its expressions for f(z) = (1 - r) *[-In (I - z)] ‘I3 and g(z) = 
[-In (I -z)]*‘~_ 

A description of ener*T evolution rate comprehensive of the later stages 
beyond z = 0.6 is obtained if the dependence on the transformed fraction is expressed 
by f(z) = (1 -z)1-6 [-In (I -z)]“~_ 
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