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a b s t r a c t

The kinetic parameters, namely the triplet activation energy EA, model function f(˛) or g(˛) and pre-
exponential factor A of the oxidation of Constantan tapes in 1 atm of oxygen have been determined from
both isothermal and non-isothermal thermogravimetry. For isothermal experiments, with temperatures
ranging from 650 ◦C to 900 ◦C, the results from direct conversion of the weight increase as a function
of the time and curve fitting, are compared with the isoconversion method. For the non-isothermal
experiments, with heating rates from 1 ◦C/min to 20 ◦C/min, comparison is made between the Fried-
man differential method and the integral methods of Kissinger, Ozawa and Li and Tang. All methods give
apparent activation energies with relative standard deviations as low as 3%. The results converge to the
Oxidation

Isoconversion
Arrhenius parameters
M

identification of three stages in the oxidation behaviour. A parabolic law for reaction extents ˛ below
15% with EA = 246 ± 7 kJ mol−1, ln A = 14.3, is followed by two linear stages with EA = 244 ± 4 kJ mol−1 and
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odel fitting ln A = 15.3 for 0.18 < ˛ < 0.3

. Introduction

The transport of current in high-temperature superconductors is
onditioned to the deposition of the superconducting phase on a bi-
xially textured metallic substrate [1]. Nickel tapes are widely used
ut for AC applications, the ferromagnetism of this metal intro-
uces hysteretic losses which is a major drawback. For this reason,
i–Cu substrates with copper content from 50 at.% to 90 at.% have
een produced [2,3]. In this copper composition range, Girard et al.
4] have shown the ability to perform an adequate bi-axial texture
n industrial Constantan alloy. During the coating process at high
emperature, oxidation of the substrate may occur thus modifying
he surface relation between the tape and the superconductor. The
nowledge of the oxidation kinetics and mechanism of the metal-
ic tape is then of major importance to try to prevent such surface
xidation which is detrimental to the epitaxial growth of the super-
onductor. Recent studies on the oxidation of copper-rich NiCu
lloys at high temperatures and various oxygen pressures [5–7]
ocussed on the formation and the description of the oxide scale and

upport an approximately parabolic oxidation behaviour. Brückner
t al. [8] found that the oxidation of Constantan films in air and
rgon atmosphere (with about 3 ppm oxygen) starts at 300–350 ◦C
orming, in the final state NiO, CuO or mixed oxide. The work of
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EA = 228 ± 15 kJ mol−1, ln A ≈ 13 for ˛ > 45%, respectively.
© 2008 Elsevier B.V. All rights reserved.

ertrand [9] was also devoted to high temperature corrosion of
onstantan alloys. It is reported that the oxidation kinetics follow
parabolic law with however three steps in the scale formation

aving different activation energies.
To investigate the oxidation mechanisms of Constantan tapes in

atm of oxygen, we conducted a kinetic analysis based on thermo-
ravimetry. We followed as close as possible the procedures used
n the ICTAC Kinetic Project for the study of the calcium-carbonate
ecomposition [10–14]. This paper presents the computational
spects of a study carried out to reach the characteristic triplet of
he oxidation reaction: activation energy EA, model function f(˛)
r g(˛) of the reaction extent ˛ and the pre-exponential factor A.
t constitutes the first part of a general study on the mechanisms

hich govern the oxidation of Constantan tapes, with a comparison
etween the behaviour of as rolled and re-crystallized samples and
discussion on the role of impurities on the oxidation kinetics.

. Theoretical considerations

The kinetics of solid-state reaction processes is usually governed
ither by nucleation and growth or by grain boundary reactions or
y diffusion of the reacting species. The theoretical support for the

inetic analysis may be found in textbooks [15,16] and numerous
ecent reviews [17–22]. Let us summarize here the methods used
n this work. By definition, the experimental part of the study of
reaction kinetics consists in determining the extent of the reac-

ion ˛ (0 ≤ ˛ ≤ 1) as a function of the time. This is described by the

http://www.sciencedirect.com/science/journal/00406031
mailto:jean-louis.jorda@univ-savoie.fr
dx.doi.org/10.1016/j.tca.2008.06.017
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eaction rate (d˛/dt) which contains information on both the mech-
nism and the probability of occurrence of the reaction. Indeed, the
eaction rate is generally expressed as a product of two functions:

da

dt

)
= f (a) · k(T) (1)

f(˛) describes the analytic form of the limiting mechanism of
the kinetic model; it is associated to the corresponding integral
function g(˛) =

∫
d˛/(f (˛)). Different mathematical expressions

account for the various mechanisms [23].
k(T), usually set as an Arrhenius-type function k(T) =
A exp(−EA/RT), is temperature-dependent and is related to
the pre-exponential factor A and to the apparent activation
energy EA. R is the gas constant. Theoretical support for this
assumption has been given by Galwey and Brown [24].

In the case of thermogravimetric measurements, ˛(t) is defined
s ˛(t) = (m(t) − m0)/(m∞ − m0) where m(t), m0 and m∞ are the sam-
le masses at time t, at the beginning of the experiment and when
he reaction is completed, respectively. Our study concerns the
xidation behaviour of Ni–Cu–Mn alloys; m∞ was calculated con-
idering that metals are transformed into Cu(II), Ni(II) and Mn(II)
xides. This assumption may be discussed with the possibility to
orm the Cu(I) oxide but we shall see in the second part of this
eries of papers that it is largely supported by our optical and elec-
ronic metallographies as well as by XRD which show that Cu2O
epresents less than 20% of the total amount of copper oxide after
xidation whatever the ˛-value. The error on ˛ is then less than
.5%.

Isothermal experiments have been considered for long time to
e more accurate than non-isothermal heating but the increase in
ensibility of the temperature and weight sensors allows the use
f small samples in which heat exchange may be considered as
nstantaneous so that non-isothermal experiments are now widely
sed. Both processes may be associated with an isoconversional
nalysis of the data which gives access to EA even if the reaction
echanism f(˛) is not known. Eq. (1) may be written as

n
(

d˛

dt

)
= ln[A · f (˛)] − EA

RT
(2)

or a given ˛-value, this quantity changes linearly with the inverse
f temperature 1/T and EA is readily deduced from the slope −EA/R.
or isothermal analysis the approach is straightforward. For non-
sothermal experiments, the temperature increases as T = Ta + ˇt

ith Ta, the ambient temperature and ˇ the heating rate. The
n (d˛/dt) versus 1/T analysis for a given ˛ and different ˇ exper-
ments is known as the Friedman method [25]. To calculate the
ntegral form of the kinetic equation g(˛) =

∫
k(T) · dt, it is usual
o expand the Arrhenius function. We have used in this work two
pproximations known as the Kissinger [26] and the Ozawa [27]
odels and also the direct integral isoconversion method proposed

y Li and Tang [28]. The underlying mathematics for these proce-
ures are summarized in Table 1.

able 1
ummary of relations used in this work for the isoconversional treatment of non-
sothermal reaction kinetics

ethod Equation Ref.

riedman ln
(

d˛
dt

)
= ln[f (˛) · A] − EA

RT [25]

issinger ln

(
ˇ

T2
˛

)
= ln

(
AR
EA

)
− ln[g(˛)] − EA

RT˛
[26]

zawa lnˇ = ln AEA
R − ln[g(˛)] − 2.315 − 1.0516 · EA

RT˛
[27]

i and Tang
∫ ˛

0
ln

(
d˛
dt

)
d˛ = − EA

R

∫ ˛

0
d˛
T + G(˛) [28]
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All these methods are efficient to compute EA which is expected
o be independent from the reaction extent ˛, in the case of a single
eaction mechanism [29,30]. For a known EA and a given f(˛) or g(˛)
unction, the pre-exponential factor A can be calculated from one
f the expressions given in Table 1.

The experiments also give access to the reaction model by fitting
(˛) on the basis of the known kinetic functions [24]. For isothermal
nalysis, the solution of the integral form of the kinetic equation is

(˛) − g(˛0) =
∫ t

t0

k(T) dt = k(T) · (t − t0) (3)

n which ˛0 and t0 are the extent of reaction and the time at the
eginning of the temperature plateau, respectively. As already men-
ioned, g(˛) reflects the limiting mechanism for instance species
iffusion for which parabolic, linear and logarithmic laws have been
ound to satisfactory describe the oxidation kinetics of many metals
nd alloys at least in part of the reaction extent range.

To find f(˛) and g(˛) from non-isothermal experiments, it is
ecessary to use complementary model functions y(˛) and z(˛)

ntroduced by Malek et al. [21] and derived from the ˛(t) data.

. Experimental

The Cu54Ni45Mn1 alloy (Constantan) was purchased from Good-
ellow as 8-mm diameter cylinders. Besides copper and nickel, the

anufacturer indicates 7500 ppm Mn and 2500 ppm Fe, present as
mpurities. Cold rolling was realised on a Redex rolling mill to a
nal thickness of 150 �m which corresponds to a deformation of
8.4%.

Fifty metal tapes were cut into 1 cm × 2 cm samples about
60 mg in weight. These samples were degreased in ethanol prior to
xidation. The thermogravimetric data were recorded at PO2 = 1 bar
sing a SETARAM TG 92 apparatus. The samples were hung in the
orking zone of the apparatus with a platinum wire. For isother-
al experiments, the sample temperature was rapidly (50 ◦C/min)

aised to the desired plateau value between 650 ◦C and 900 ◦C and
hen kept constant for a maximum of 10 h. Because the tempera-
ure was raised in 1 bar O2, the early stage of the oxidation – 0.1–2%
n ˛ depending on the plateau temperature – could not be anal-
sed. For non-isothermal experiments, the temperature was raised
o 900 ◦C with heating rates ˇ between 1 ◦C/min and 20 ◦C/min. A
old tape used as blank was monitored for buoyancy corrections,
ound to be less than 0.3% in ˛. The results expressed in ˛ terms are
eported in Fig. 1 for isothermal from 650 ◦C to 900 ◦C (Fig. 1a) and
on-isothermal (Fig. 1b) experiments.

. Kinetic analysis

.1. Isothermal process

.1.1. The ˛(t) behaviour
The oxidation of Ni–Cu alloys has been claimed to imply diffu-

ion through a Cu2O/NiO scale [31]. A glance on the ˛(t) curve after
n isothermal oxidation is a simple way to start the analysis. An
xample is given in Fig. 2 which represents the reaction extent ˛(t)
s a function of the time at T = 875 ◦C.

It may be seen that parabolic oxidation is only acceptable in the
omain (I) of the graph which corresponds to ˛ < 15%. For higher ˛
alues, a linear behaviour is observed with a change of slope k(T)

t ˛ = 35–45%, considered as a transition region.

.1.2. Apparent activation energies
In the parabolic domain (region I in Fig. 2), the isothermal

xidations of tapes with a given surface area S are represented
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Fig. 1. Oxidation of Constantan in oxygen (PO2
= 1 bar): (a) isothermal and (b) non-

isothermal.
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r
ferent domains for the oxidation. The succession of regimes as time
and reaction extent increase is even more evidenced with a log–log
plot of d˛/dt versus time (Fig. 5; T = 850 ◦C).

The parabolic regime is characterized by reaction rates d˛/dt
varying as t−1/2. Of course, d˛/dt remains constant in the case of
Fig. 2. Isothermal oxidation of Constantan at 875 ◦C.
n Fig. 3. The results are given as (�m/S)2 versus t from which
he Arrhenius constant kp(T) may be computed (Table 2). In this
able, the maximum ˛ values for parabolic behaviour have been
ndicated.

able 2
rrhenius constant kp(T) for the isothermal oxidation of Constantan

emperature (◦C) ˛ Min % ˛ Max % kp(T) (mg2 cm−4 s−1)

50 0.56 4 8.2 × 10−6

00 0.84 9 6.4 × 10−5

50 1.07 18 2.4 × 10−4

75 1.25 18 4.8 × 10−4

00 1.52 19 1.0 × 10−3

25 1.90 18 1.7 × 10−3

50 2.43 20 2.9 × 10−3 F
a

Fig. 3. Isothermal oxidation of Constantan in the parabolic regime.

From these results, the apparent activation energy EA in the
arabolic regime of the oxidation of Constantan is found to be
A = (251 ± 5 kJ mol−1).

The curves in Fig. 3 were obtained once the temperature plateau
as reached, 12–18 min after the heating started. The correspond-

ng minimum ˛ values have been reported in Table 2. Since the
arabolic oxidation of Constantan samples is not a general rule in
he whole ˛-range, isoconversion analysis has been used to better
efine the limits for which a given model may be considered. As
xplained in Section 2, in such model-free method, the activation
nergy for each ˛-value is deduced from ln (d˛/dt) versus 1/T plots.
he result is shown in Fig. 4.

We can clearly distinguish two main domains with different
ctivation energies. The first one extends up to about ˛ = 35% with
A = (240 ± 5 kJ mol−1). It corresponds to the parabolic and the first
inear regime of the oxidation. The second linear behaviour, above
= 35%, is characterized by a slightly but significantly lower activa-

ion energy EA = (220 ± 5 kJ mol−1).

.1.3. Curve fitting: the kinetic model and the frequency factor
We now reconsider the isothermal ˛(t) change such as the one

eported in Fig. 2, from which we have roughly delimited the dif-
ig. 4. Activation energies from the isoconversion analysis of isothermal data
gainst the extent of reaction ˛.
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ig. 5. Log–log plot of d˛/dt vs. time at 850 C showing the three different regimes:
arabolic below 7000 s (˛ < 15%), linear between 7000 s and 12 000 s (15% < ˛ < 35%)
nd linear with a lower k(T) value above 20 000 s (˛ > 45%).

linear regime. Below 7000 s (˛ < 15%), the curve shows a lin-
ar decrease of log (d˛/dt) with log (t) with a slope close to −1/2.
hen d˛/dt remains constant, first between 7000 s and 12 000 s
15% < ˛ < 35%) and also above 20 000 s (˛ > 45%) which denotes
inear behaviours with however slightly different k(T) values. It
hould be stressed for further analysis of the oxidation mecha-
ism that the transition from the first linear regime to the second
ne is not abrupt but takes about 2 h at 850 ◦C, i.e. occurs in
he 35–45% ˛-range. Moreover, for all investigated temperatures
650 ◦C < T < 900 ◦C), the transitions from one regime to the other
ere found to occur for the same ˛ values so that we have:

a parabolic oxidation below ˛ = 15–18%,
a first linear oxidation between ˛ = 15–18% and 35%,
a second linear oxidation above ˛ = 45%,
a very smooth transition between the two latter regimes.

For each temperature and each domain, curve fitting has been
sed to estimate k(T) and then EA and A from ln (k(T)) versus 1/T
lots (Fig. 6 and Table 3).

We have also summarized in Table 3 the values for the couple
A–A obtained from isoconversion analysis. The consistency of the
wo mathematical treatments has to be noticed. Similarly it is worth
ointing out the low values of the standard deviations generated
y the calculations, excepted for the second linear domain in the
urve fitting method, which is covered with only four temperatures
Fig. 6c)

Once the model functions f(˛) and their validity range have been
scertained, the value of the pre-exponential factor can be deduced
rom isoconversion analysis for each reaction extent. The corre-

ponding results are shown in Fig. 7 where the two main domains
oticed in Fig. 4 for the apparent activation energies may be recog-
ized.

able 3

A and ln (A) values deduced from ˛(t) fits

omain Curve fitting method Isoconversional method

EA (kJ mol−1) Ln (A) EA (kJ mol−1) Ln (A)

arabolic 242 ± 6 14.4 ± 0.6 244 ± 7 14.7 ± 0.9
inear I 241 ± 4 15.2 ± 0.5 244 ± 4 15.3 ± 0.5
inear II 230 ± 19 14 ± 2 220 ± 7 12.8 ± 0.7

t

4

o
s
g
n
h

(
4

ig. 6. Ln (k(T) against 1/T plots and linear fits for the calculation of EA and ln (A) in
he parabolic (a), first linear (b) and second linear (c) domains.

.2. Non-isothermal methods

In non-isothermal methods the extent of the reaction depends
n the heating rate ˇ for a given final temperature. For the material
tudied here, coupled differential thermal analysis and thermo-
ravimetry shown in Fig. 8 reveals that significant mass gain does

ot start below 450 ◦C. Complete oxidation of Constantan, when
eated with ˇ = 1 ◦C/min occurs at 1100 ◦C.

For lower temperatures, complete oxidation cannot be obtained
see Fig. 1b). In our experiments, the maximum ˛-value was about
0% for a heating rate ˇ = 1 ◦C/min and a maximum temperature
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ig. 7. Pre-exponential factor A as a function of reaction extent ˛ as deduced from
soconversion for isothermal data.

f 900 ◦C. From the ˛(t) behaviour with various ˇ, isoconversional
nalysis was performed. The results are displayed in Fig. 9 for
he Friedman differential method [25] (Fig. 9a), the generalised
issinger [26] (Fig. 9b) and the Ozawa [27] (Fig. 9c) integral meth-
ds for heating rates ˇ from 1 ◦C/min to 20 ◦C/min and selected
-values from 0.5% to 12.5%.

Despite some scattering, the expected linear behaviour of the
arious functions versus 1/T is worth being pointed out. Using inte-
ral methods of Kissinger and Ozawa, the problem of the expansion
f the temperature integral is raised and the “exact” value of this
erm is continuously under discussion [32]. For comparison, the
i and Tang method [28], free from integral approximation has
een used. An example of ln (d˛/dt) and 1/T curves versus ˛ with
= 5 ◦C/min is given in Fig. 10.

From such plots at various heating rates, numerical integration
llows to represent ln t[ln(d˛/dt) =

∫ ˛

0
ln (d˛/dt) d˛ as a function

f ln t[1/T] =
∫ ˛

0
(1/T) d˛. The results are straight lines with slope

EA/R shown in Fig. 11. Each group of points represents a reaction
xtent from 1% to 10% for linear heating rates ranging from 1 ◦C/min

◦
o 15 C/min.
The activation energies for the oxidation of the Constantan tapes

or each ˛ value computed from all the above-mentioned non-
sothermal methods are represented in Fig. 12. It may be seen that
n the 1–15% range and within error limits, about 8 kJ mol−1 in each

ig. 8. Coupled differential thermal analysis (dashed curve)–thermogravimetry
bold) of the oxidation of Constantan in oxygen atmosphere with a heating rate
= 1 ◦C/min.

F
m
(

c
t
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i
u
g

t
f
t

ig. 9. Non-isothermal–isoconversion oxidation of Constantan. Differential Fried-
an method (a), integral Kissinger (b) and Ozawa (c) methods; ˛ = 0.005 (�); 0.01

©); 0.02 (�); 0.05 (�); 0.1 (�) and 0.12 (+).

ase, the apparent activation energy does not depend on the reac-
ion extent. The mean value of all reported EA is 243 kJ mol−1 with
standard deviation � = 15 kJ mol−1.

The agreement with the results obtained from isothermal exper-
ments in the same ˛-range, as well as the accuracy for each method
nderline the coherence of the measurements and, moreover, sug-

est that oxidation proceeds with a single limiting mechanism.

In our isothermal studies we found that below ˛ = 15%, the oxida-
ion follows a parabolic law, suggesting a D1 diffusion mechanism
or which the f(˛) function is f(˛) = 1/(2˛) and the integral func-
ion g(˛) = ˛2. In non-isothermal studies, it is possible to compute
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Fig. 10. Ln (d˛/dt) and 1000/T as a function of ˛ for a heating rate ˇ = 5 ◦C/min used
for the Li and Tang integral method.

Fig. 11. Li and Tang analysis for the oxidation of Constantan; ˛ = 0.01 (�); 0.02 (©);
0.03 (�); 0.05 (�); 0.08 (�) and 0.1 (+).

Fig. 12. Summary of the activation energies EA from Friedman (�), Kissinger (+),
Ozawa (�)and Li and Tang (�) methods.
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ig. 13. Fitting of the non-isothermal oxidation curve by the Malek method [21]. For
ranging from 1 ◦C/min to 20 ◦C/min, g(˛) is proportional to ˛n with n = 1.9 ± 0.1.

he ratio z(˛)/(By(˛)) = g(˛)/A, where z(˛) and y(˛) are the func-
ions introduced by Malek et al. [21]. Fig. 13 shows this ratio as a
unction of ˛ for heating rates ˇ between 1 ◦C/min and 20 ◦C/min.
ll curves could be fitted as g(˛)/A = a˛n with n = 1.9 ± 0.1 and R2

alues larger than 0.999, in excellent agreement with the isother-
al experiments, extending the model function for D1 mechanism

ownwards ˛ = 0.01.
If, as suggested by all results for 1% < ˛ < 15%, this diffusion

echanism assumption is accepted, it is possible to calculate the
re-exponential factor A using the relations given in Table 1. In
ig. 14, the ln A values from all methods are reported as a function
f ˛.

The mean value of ln A from this series of experiments is
n A = 13.5 ± 1. If we exclude the values computed at low ˛ for some

ethods, in particular for the Li and Tang method, the result in the
arabolic range is ln A = 14.3 ± 0.8, exactly the same value as that
etermined from isothermal experiments.
. Discussion

For the first time, a complete set of the kinetic parameters for the
xidation of Constantan have been determined following a proce-

ig. 14. The pre-exponential factor A obtained by Friedman (�), Kissinger (+) Ozawa
�) and Li (�) methods.
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Table 4
Summary of methods, models and Arrhenius kinetic parameters of the oxidation of Constantan

˛-Range EA (kJ mol−1) Model f(˛) Ln A

Isothermal process
�m/S = [k(T)t]n ˛ < 0.18 251 ± 5 (2˛)−1

Isoconversion 0.02 < ˛ < 0.18 244 ± 7 (2˛)−1 14.7 ± 0.9
0.18 < ˛ < 0.35 244 ± 4 1 15.3 ± 0.5
0.35 < ˛ 220 ± 7 1 12.8 ± 0.7

Curve fitting 0.02 < ˛ < 0.18 242 ± 6 (2˛)−1 14.4 ± 0.6
0.18 < ˛ < 0.35 241 ± 4 1 15.2 ± 0.5
˛ > 0.45 230 ± 19 1 14 ± 2

Non isothermal process
Isoconversion

Friedmann ˛ < 0.20 241 ± 7 (2˛)−1 14.5 ± 0.9
Kissinger ˛ < 0.20 244 ± 8 (2˛)−1 14.6 ± 0.9
Ozawa ˛ < 0.20 260 ± 7 (2˛)−1 14.4 ± 0.7
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Li and Tang ˛ < 0.20
Curve fitting (Malek) g(˛)

ure described in the ICTAC kinetic project-data [10]. The samples
or both isothermal and non-isothermal oxidation were taken from
he same rolled batch. They were cut in similar dimensions and
heir weight did not differ by more than 3% from the mean value.
or the computational step, the known kinetic models – see for
nstance Table 1 in [24] – have been tested in isoconversional or
tting methods. The coherence between the isothermal and non-

sothermal Arrhenius parameters computed from 10 isothermal
uns (between 650 ◦C and 900 ◦C) or 10 different heating rates (from
◦C/min to 20 ◦C/min) give credibility to the results summarized in
able 4.

All the results converge to the following conclusions:

(i) The oxidation of the Constantan alloy is governed by a particle
transport mechanism. However, a classical parabolic behaviour
is not observed for the entire range of the reaction extent. It is
restricted to ˛ < 15–18%. For higher ˛ values, two successive
linear laws are observed.

(ii) The Arrhenius parameters for each domain have been deter-
mined with a reasonable precision. A mean apparent activation
energy EA = 246 ± 7 kJ mol−1 is found for the parabolic domain.
A very close value is found using isothermal experiments for
the first linear oxidation. For the second one, EA is slightly
decreased down to 228 kJ mol−1. The distinction is not so clear
for the frequency factor. Ln A ranges between 12 and 15.2 but
in the parabolic field, both isothermal and non-isothermal
experiments converge to ln A = 14.3 except for the Li and Tang
method.

iii) For non-isothermal experiments, we did not find any signif-
icant difference between the tested methods. All model-free
differential or integral methods give similar Arrhenius param-
eters with similar accuracies. In addition, the different
expansions of the temperature integral do not significantly
affect the results.

These computational results have to be associated to mech-
nisms for the oxidation of copper–nickel alloys. This will be
eveloped in a forthcoming paper but, for further discussion, it

s necessary to keep in mind some results of the classical mecha-

ism for the oxidation. Since the work of Wagner [33], it is accepted
hat the growth of an external oxide scale at the surface of metals
nd alloys follows a parabolic equation rate due to lattice diffusion.
urlen [34] applied the absolute reaction rate theory to oxidation
nd derived a “general oxidation equation” in which the parabolic

s
n
r
t
a

241 ± 12 (2˛) 12 ± 2
g(˛) = C˛n with n = 1.9 ± 0.1

rowth can be regarded as a limiting case amongst others, such
s inverse logarithmic and cubic laws. In addition, for oxidation
eactions, it is current to observe a linear kinetic law due to oxy-
en transfer through cracks in the oxide layer and voids in the
xide sublayer [35]. The change that we have observed between a
arabolic and a linear law after the growth of the external oxide
cale can be understood on this basis. More striking is the sec-
nd change between the two linear regimes at about ˛ = 35–45%.
t could be due crack closure after re-crystallization of the oxide
rains.

The thermogravimetric study of the oxidation of bulk cop-
er at high temperature under an oxygen pressure from 5 × 10−3

o 0.8 atm by Mrowec and Stoklosa [36] lead to an activation
nergy for oxidation of 200 kJ mol−1. Kofstad [35] reports values
anging from 125 kJ mol−1 to 155 kJ mol−1. For electro-deposited
opper, Bertrand [9] determined EA = 126 kJ mol−1. For pure nickel
he activation energies for the oxidation reported in the literature
re lower, about 100 kJ mol−1 [9]. Recently, Haugsrud [37] distin-
uished a change in the oxidation kinetics of nickel depending on
he temperature range, with EA = 150 kJ mol−1 for T < 800 ◦C and
A = 200 kJ mol−1 for T > 1000 ◦C. For Cu–10 wt.% Ni and Cu–15 wt.%
i alloys, the oxidation at T > 900 ◦C is not perfectly parabolic [6] but

he apparent activation energy is in the range 180–190 kJ mol−1. For
olled commercial Constantan with a thickness of 50 �m, Bertrand
9] distinguished three successive steps in the oxidation: the for-

ation of NiO, the formation of a copper oxide external layer and
he internal oxidation by oxygen diffusion from the surface to the
lloy with activation energies of 217 kJ mol−1, 214 kJ mol−1 and
60 kJ mol−1, respectively with standard deviations in the order of
6%. Qualitatively, our isothermal results are in agreement with
hese values. Moreover, the high accuracy of our results on the
pparent activation energies ascertains the existence of three oxi-
ation regimes and delimits the corresponding reaction extents. It

s noteworthy that the apparent activation energies for the oxida-
ion of Constantan are significantly higher than those reported for
u–Ni alloys. The presence of Mn as impurity in Constantan has to
e pointed out. To our knowledge no intermediate phase is reported

n the Cu–Ni–Mn–O system but Cu(1+) and Mn(2+) have compara-
le ionic radii, 0.96 Å and 0.91 Å, respectively. The presence of Mn on

ome Cu sites in the Cu2O phase formed in the oxide sublayer can-
ot be excluded, thus modifying the metallic vacancy distribution
esponsible of copper diffusion. This mechanism is thought to be
he limiting mechanism in the first two steps for the oxidation of the
lloy. Parabolic and linear behaviours only differ by the shortened
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iffusion path when cracks are generated. In the last linear step
f the oxidation, the change of the oxygen pressure inside internal
ores may interfere with the copper diffusion, thus decreasing EA
y about 10%.

Concerning the frequency factor A, its evaluation depends both
n the activation energy and the reacting mechanism defined by
(˛) or g(˛). The scattering of the ln A values is obviously related
o the logarithmic and inverse temperature scales inherent to the
rrhenius fits. In addition, the dimension of A (s−1) indicates that

he pre-exponential factor has something to do with the reactiv-
ty [38,39], i.e. crystal-defects distribution and/or change of the
eaction interface. Therefore, the possible change, during the oxi-
ation of the sample morphology may affect A. However, the
erfect agreement between the isothermal and non-isothermal val-
es for ln A in the parabolic domain validates the results for the
wo subsequent linear domains. From the rate constants measured
y Bertrand [9] for a similar alloy oxidised under PO2 = 1 atm in
he three regions she identified, we can calculate ln A = 17, 17.3
nd 12, respectively. The first two values are higher than ours,
s expected, because of the lower values of the apparent acti-
ation energies she determined. The discrepancy could also be
ue to different sample thickness (50 �m for Ref. [9] compared
o 160 �m in this study). For the third step of the oxidation,
.e. for ˛ > 45%, ln A ≈ 13 seems to be a reasonable value (see
able 4).

For isoconversional analysis of non-isothermal experiments, our
im was also to compare the errors introduced in the evalua-
ion of the kinetic parameters by the methods usually employed,
ifferential or integral, and, in the last case, by the two approxima-
ions of the temperature integral p(x) =

∫ ∞
x

((exp(−x))/x2) dx where
= E/RT. Because of low oxidation kinetics, the comparison was
nly possible in the parabolic domain. Kissinger [26] approximated
(x) as p(x) = exp(−x)/x2 and deduced an expression of ln (ˇ/T2) as
function of E/RT. Ozawa [27] used p(x) = 0.0048 exp (−1.0516x)

rom which ln (ˇ) is derived. Considering activation energies of
bout 200 kJ mol−1 and temperatures of the order 1000 K, i.e. x ≈ 20,
he two expansions differ by more than 30%. Some influence on
he values of the kinetic parameters is then expected. In reality,
igs. 12 and 14 show that EA and A calculated from the two meth-
ds are comparable. In addition, it is worth noting that the standard
eviations over the results obtained from isoconversion are more
ependent on the statistics (number of ˇ values) than on the analyt-

cal model. In a critical review on the temperature integrals, Flynn
40] observed that the approximation used by Ozawa results in
large percentage deviations” from the correct value of E/RT. It is
lso the view of Starink [41] even if a correction algorithm has been
eveloped by Opfermann and Kaisersberger [42]. In a more recent
ork, Gao et al. [32] discussed the errors introduced by the use of
issinger and Ozawa approximations comparing with an “exact”

emperature integral which in fact introduces a correction function
o p(x). Because we found similar results for all methods, we esti-

ated that the use of such developments was not justified in this
ork. More questionable is the deviation observed at low ˛ values

or EA and A. In fact, Figs. 12 and 14 show that for ˛ < 0.02 − 0.03,
A and ln A for all integral methods are significantly lower than
he mean values. It is particularly the case for the values obtained
rom the Li and Tang method. We guess that the discrepancy may
e due to a phase diagram effect, a miscibility gap observed at
< 354 ◦C in the Cu–Ni system [43], or by stress relaxation of the

aminated tapes influencing the initial stage of the oxidation. The

i and Tang method which uses a direct numerical integration of
he experimental ln (d˛/dt) − ˛ and (1/T) − ˛ curves may be more
ensitive than analytical methods. The background noise observed
n the curve ln (d˛/dt) versus ˛ for ˛ < 0.03 in Fig. 10 supports this
ssumption.

[
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[
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. Conclusion

The kinetic parameters for the oxidation of Constantan tapes
ave been determined from both isothermal and non-isothermal
xperiments using thermogravimetry. Direct mass measurements
�m/S)2, isoconversional and curve fitting methods have been
pplied to isothermal data for temperatures ranging from 650 ◦C
o 900 ◦C. For non-isothermal studies, we used 10 different heating
ates ˇ for isoconversion analysis with one differential (Friedman)
nd three integral (Kissinger, Ozawa and Li and Tang) methods.
ll the measurements and calculations converge to the following
esults:

The oxidation of Constantan tapes in 1 atm oxygen implies three
different steps characterized by different evolutions of the reac-
tion extent ˛ with time. The first stage, up to ˛ = 15–18% is
the well-accepted parabolic law which describes a 1D diffu-
sion mechanism. The two subsequent stages (˛ = 18–35% and
˛ > 40–45%) are both characterized by a linear increase of ˛ with
time with however different kinetic parameters.
The activation energies have been determined with a relative
standard deviation below 3%. In the parabolic and the first lin-
ear domains of ˛(t), the couple EA − ln A is 246 kJ mol−1 − 14.7.
Both values are slightly lower in the second linear regime.
Both derivative and integral isoconversional methods applied to
non-isothermal data provide the same results. When integral
methods are used, the results for the activation energies are only
slightly affected by the degree of expansion of the temperature
integral.
The characteristic regimes and the convergence of all mathe-
matical treatments to the same kinetic parameters give credit to
the existence of a specific limiting reaction mechanism for each
domain. This first analytical stage is a prerequisite to the deter-
mination of the oxidation mechanism, which, on the basis of the
physical and chemical characterizations of the samples, will be
discussed in a forthcoming publication.
From a methodological point of view, it is worth mentioning that
both isothermal and non-isothermal techniques give very similar
kinetic parameters when the recommendations and procedures
suggested in the ICTAC project reports are respected.
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