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Abstract In this article, corrosion of Invar® in a static
carbon dioxide atmosphere 2 x 10* <Pco, < 10°Pa has
been studied between 1163 and 1263 K. At the beginning,
after a short initial deceleration for weight gains Am/S
<0.5 mg cm 2, oxidation kinetics were linear up to weight
gains of about 4.0 mg cm ™2, and only wiistite Fe,_,O was

. o d(4m
formed with a constant rate r (mg cm 2 s ') r = A =

d
0.41 X Pco, exp (%) where R is the gas constant and ¢

the time (s). Reaction mechanism is similar to that of the
pure iron in analogous conditions, with the same rate
limiting step i.e. external reaction of CO, with wiistite and
outward diffusion of ions Fe*" (not limiting). For weight
gains Am/S higher than 4 mg cm™2 the limiting step
changes, with an increase of the reaction rate and an
internal oxidation. The origin of this mechanism change
lies in the microcracks appearing in the oxide during its
growth. Then, wiistite is no longer bound to the substrate;
outward diffusion of ions Fe?" stops and a topotactic
transformation converts wiistite into magnetite.

Keywords Invar® - Kinetics - Wiistite - Magnetite -
Internal oxidation - Reaction mechanism

Introduction

In the field of thermal plasma deposition, it has been

recently shown [1] that the pre-oxidation of steel substrates
enhanced the adhesion of ceramic coatings, compared with
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the classical method, where the surface of the steel is
sandblasted to increase its roughness. This new process is
very promising because sandblasting is inadequate for
many kinds of pieces (thin, complex...), whereas the pre-
oxidation can always be applied. The best results were
observed when wiistite Fe,;_,O is formed [1, 2] according
to the reaction:

(1 — x)Fe + CO, — Fe;_,0 + CO (1)

that requires a sample heating in CO/CO, mixtures or in
pure CO, atmosphere. It was worth verifying if such a
process could be applied to Invar®.

This alloy was chosen because of its low thermal
expansion coefficient (2 = 1-10 x 107® K~! according to
temperature) [3] that limits the thermal stresses at the
interface {alloy substrate/ceramic coating} when the tem-
perature changes. Indeed, usual ceramics have thermal
expansion coefficients of 2-10 x 107% K™, close to that
of the Invar® whereas most of the metals are in the range of
1020 x 107 ° K. Moreover, it has been shown that a
surface oxidation of the alloy strongly improves the cera-
mic/metal bonding, above all because it prevents the gap of
physical properties at the interface [1, 4].

Therefore, in order to optimize the thermal plasma
deposition of ceramics on Invar®, it was first necessary to
focus on the oxidation conditions of this alloy in CO,,
using a process that was easy to industrialize, i.e. in the
static CO, of a moderate quality. Now, no article has been
devoted to the reaction Invar®/CO,. The reason explaining
this is probably the fact that Invar® has very few uses at
high temperature and especially in a CO, atmosphere (even
stainless steels are only little studied at high temperature in
CO, [5-7D).

Hence, the present study was necessary to establish the
kinetically and morphological conditions required for the
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formation of a superficial oxide layer on Invar® substrates,
in view of industrial applications. Moreover, it also
allowed deepening the fundamental mechanism of this
reaction, in particular by comparison with former works on
pure iron and steels [1, 5-11].

Experimental
Invar® substrates

The samples of 10 x 10 mm were cut off, from an Invar®
sheet 500 um thick (IMPHY SA, France). Hence, the
surface in contact with gas was of 2.2 cm? for an initial
mass of 390 £ 10 mg. Table 1 presents the nominal
composition of the alloy, the main impurities of which
were manganese and silicon. X-ray diffraction (XRD)
patterns of the surface identified the only presence of the
taenite phase (Fe,Ni) (JCPDS file 23-0297).

Gas

The gases used were industrial carbon dioxide (Air Liqu-
ide, France, ONU number 1013 class 2) and argon (Air
Products SA, France, Alphagaz Ar 1). Their main impuri-
ties were water and oxygen in contents lower than 5 ppm
(see Table 2).

Thermogravimetry

Oxidation kinetics were carried out by using a conventional
continuous recording balance Setaram B70 with a MoSi,
furnace. A Pt/Pt—Rh (10%) thermocouple was placed under
the sample for controlling its temperature. Carbon dioxide
partial pressure was adjusted by argon additions for an
overall pressure equal to 10° Pa and always in a static
atmosphere. Before oxidation, Invar® substrates were
polished with SiC paper (grade 2400 and 4000 mesh), then
cleaned up with ethanol and dried.

For isobaric and isothermal studies, the sample was
maintained out of the furnace warm zone during tempera-
ture rise. Once the chosen temperature reached, the sample

Table 1 Invar® sheet nominal composition

was placed in the middle of the furnace and the acquisition
was launched. At the end of the experiment, the sample
was quenched in the furnace cold zone, in the same gas
atmosphere.

Samples characterization

Phases identifications were performed using an X-ray
Briikker D5000 diffractometer equipped with a back
monochromator (Acy, = 0.1541 nm). The scanned angles
(in 20 scale) ranged between 17 and 90° with a step of
0.015° and a 10 s exposure time. The X-ray patterns were
indexed using DIFFRAC+ software (Socabim) containing
JCPDS files database. Surface samples were observed by
Scanning Electron Microscopy (SEM Philips XL30)
equipped with EDS facilities (EDAX®). Transmission
electron microscopy study was performed using a Jeol
2010 TEM working at 200 kV.

Results
Kinetics

Figure 1 presents the weight gain (Am/S) of an Invar®
sample during a linear rise of temperature (5 K min~—"). No
weight change was seen below approximately 850 K. At
higher temperatures, the reaction accelerated slowly before
becoming very fast above approximately 1350 K. From
this result, it was chosen to study the oxidation between
1163 and 1263 K.

For the longest oxidation times (e.g. for 50 h at 1243 K
in Fig. 2), kinetics were sigmoid, and XRD analysis iden-
tified magnetite Fe;O,4 as final product, which means that
the overall reaction was

3Fe + 4C0O, — Fe30, + 4CO (2)

without any trace of nickel oxidation. The weight gain
observed (ca. 42 mgcm %) corresponds to what was
expected, according to reaction (2), by considering that all
the iron contained in the alloy was oxidized, for a sample
with initial mass of 390 mg.

Element C Mn Si S P Ni Cr Co Al Fe
Wt% 0.0032 0.294 0.096 Traces <0.002 3591 0.058 0.059 0.0050 Bal.
Table 2 Main impurities of the gas used

Gas Argon CO,

Impurities H,O 0, H,O O,
Content <3 ppm <2 ppm <5 ppm <5 ppm

@ Springer



Invar® oxidation in CO,

609

101 P, =10%Pa

—2

Am/S/mg cm

600 700 800 900 1000 1100 1200 1300 1400 1500
Temperature/K

Fig. 1 Oxidation of Invar® in CO, during a linear rise of temperature
(5 K min™1)
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Fig. 2 Tsotherm at 1243 K for 50 h in 10° Pa of CO,

As far as the aim of this study was determining the
formation condition of thin bonding layers of oxide at the
surface of the alloy and not its complete corrosion, iso-
thermal and isobaric oxidations were limited to their
beginning (Am/S <5 mg cm™?).

Isotherms in 10° Pa of CO, and isobars at 1243 K are
presented respectively, in Fig. 3a, b. They are quite linear
in the range 0.5 < Am/S < 4 mg cm™?, after a short initial
deceleration, and for weight gains higher than 4 mg cm ™2,
a slight acceleration is perceptible that corresponds to the
beginning of the accelerated part seen on the sigmoid curve
of Fig. 2.

The curves were analysed using affinity in time [12].
This method consists of multiplying time of each curve by
an appropriate coefficient A (A is different for each kinetic)
to superimpose them onto one of them, which is considered
as the reference. This analytical method offers two main
advantages, if the curves superimpose

— it proves that the reaction mechanism is the same for all
the considered time;

— it allows determining directly the apparent activation
energy and the pressure law without any assumption
about the reaction mechanism.
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Fig. 3 Isotherms for 20 h with a CO, pressure of 10° Pa (a) and
isobars at 1243 K in CO, atmosphere (b)
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Fig. 4 Transformation by an affinity in time of the isotherms (a) and
of the isobars (b)

The isotherm for 7= 1203 K and the isobar for Pco, =
6 x 10* Pa were considered as the references, and Fig. 4a,
b show a good superimposition of isotherms and isobars up
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(a) 10000/ TIK™ Table 3 Phases identified by XRD according to temperature (7),
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Pcoy/Pa SEM observations showed that, at the early beginning of

Fig. 5 Influence of temperature (a) and of CO, partial pressure on
oxidation kinetic of Invar® (b)

to weight gains ca. 4 mg cm 2. For higher weight gains,
the curves diverge, which means that the reaction mecha-
nism changed at ca. 4 mg cm™ 2. For the isotherms, the
values of A(T), plotted in Fig. 5a, using Arrhenius coor-
dinates, gave the apparent energy of activation
E, =201 + 14 kJ mol™".

For the isobars, the pressure law could be drawn from
the values of affinity coefficients A(P), Fig. 5b showing a
linear influence of Pco,.

These results prove [12] that there was only one reaction
mechanism at the beginning, for Am/S <4 mg cm™2.

Considering the linear part of the isotherms, their slopes
(k) plotted in Arrhenius coordinates (see Fig. 5a) also gave
an apparent activation energy value E, = 198 £ 14 kJ -
molfl, in accordance with the value calculated by the
direct method of affinities. For the isobars, the variations of
their slopes (k) in the linear part of the kinetics, presented
in Fig. 5b, also confirmed the linear influence of CO,
pressure.

Characterization of the oxides layers

XRD patterns of partially oxidized samples identified
wiistite (Fe;_,O) as being the only reaction product, from
the early beginning up to weight gains of about
4 mg cm ™2, whatever temperature or pressure could be.
For higher weight gains, magnetite traces (Fe;O4) were
detected. Two varieties of wiistite were found: P’ wiistite
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the reaction (e.g. 0.4 mg cm_z), the oxide formed coated
only partially the sample surface, with scattered germs
(Fig. 6a, b), which grew and gathered for a higher mass
gain (e.g. 0.7 mgcm 2), with a preferential outward
growth (Fig. 6¢, d). Then, the entire sample surface was
covered (e.g. in Fig. 6e, f for a weight gain of
3.1 mg cm %), with large wiistite crystals (see Fig. 7a).

Inside the alloy, porosity appeared, and around a weight
gain of 4 mg cm™2, a zone of internal oxidation rapidly
occured. It became well visible for greater weight gains, as
on Fig. 7c. Between this zone and the wiistite, a lot of
small pores appeared, while microcracks went through the
wiistite layer.

From the same weight gain of 3-4 mg cm ™2, some dark
spots appeared at the surface of the wiistite crystallites that
became progressively entirely strewn with such spots.
Figure 7b presents a micrograph of the surface, for a par-
ticularly illustrative sample, where oxidation was carried
up to Am/S = 22.5 mg cm ™2 (20 h of reaction at 1243 K
in 10° Pa of CO,). On the dark areas, observations in back
scattered electrons (BSE) mode, determined an iron/oxy-
gen atomic ratio Fe/O = 0.75 corresponding to that of the
magnetite Fe;0y.

The precise localization of magnetite was determined by
the TEM microanalyses of Fig. 8 carried out on a sample
oxidized for 4 h at 1223 K (Am/S = 3.1 mg cm_z). In
Fig. 8a, the Invar®/oxide interface is brought to the fore by
a dotted white line, while selected area electron diffraction
(SAED) patterns of Invar® (axis zone [I 10]) and wiistite
(axis zone [110]) are respectively, given in the left and
right corners of the Figure. No magnetite was found at this
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Fig. 6 SEM observations of
samples surfaces according to
the weight gain

Fig. 7 SEM observations of sample surface after oxidation at 1243 K
in 10° Pa of CO,: (a) surface for Am/S = 3.1 mg cm™2, (b) surface
for Am/S=225mgcm > and (¢) cross section for Am/
$ =32 mgcm?

inner interface. On the contrary, at the oxide/gas interface,
SAED pattern of Fig. 8b identified both magnetite and
wiistite P” as it can be seen by considering respectively,
their [100] and [2 01] axis zones presented on this Figure.
This proves that the wiistite — magnetite transformation

Cross-section

took place at the surface of the oxide scale, magnetite being
located near the outer interface.

Growth of the oxides layers

In order to clarify the matter transfers during the reaction, a
platinum wire was initially welded on an Invar® plate: after
a 24 h oxidation at 1243 K under 10° Pa of CO,, the
platinum marker was entirely covered by the oxide, which
illustrates the outward diffusion of iron, as it can be seen on
the cross-section of Fig. 9a.

Figure 9 also provides the corresponding X-ray maps of
iron (Fig. 9b), nickel (Fig. 9c) and oxygen (Fig. 9d). They
confirm that nickel did not diffuse in the oxide scale. In
Fig. 9c nickel keeps the initial thickness of the original
Invar® plate, but, near the interface with the oxide, there is
a Ni-enriched zone of ca. 120 pm thick, corresponding
exactly to a Fe-depleted zone well visible on Fig. 9b. This
means that iron went out from this zone to supply the outer
oxide formation, while nickel stayed on. Oxygen map of
Fig. 9d shows that the internal Fe-depleted zone also
contained oxygen, which proves that an internal oxidation
occurs in addition to the external growth of the oxide scale.
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(a) inner interface e

Iron oxide
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Fig. 8 TEM characterization of Invar® oxidized at 1223 K for 4 h
(Am/S = 3.1 mg cm™2) in 10° Pa of CO,: (a) Inner interface (Invar®/
oxide), with the [1 T0] axis zone of Invar® SAED pattern (left corner)
and with the [110] axis zone of wiistite P’ SAED pattern (right corner),
(b) Outer interface (oxide/gas), with [100] axis zone of SAED pattern of
magnetite (left) and with [2 0 1] axis zone of SAED pattern of P” wiistite

Discussion

Invar® oxidation in CO, leads to the only formation of iron
oxides: wiistite and magnetite; no nickel oxide was

Fig. 9 Cross section of the
oxidized sample with platinum
marker (a) and corresponding
X-ray maps of Fe (b), Ni (c) and
O (d)

@ Springer

detected. This is always observed for iron-based alloys
oxidized in CO,, and it is justified by thermodynamical
considerations, nickel oxide being reduced by metallic
iron.

About the reaction mechanism, for weight gains around
4 mg cm 2, a significant change was pointed out as well by
the affinity treatment of the kinetics curves than by mor-
phological observations: kinetics were no longer affine for
Am/S > around 4 mg cm ™2 which means that the reaction
mechanism changed above this value. For the same weight
gain of 4 mg cm ™2, the magnetite phase was quantitatively
detected by XRD (Fe;O4 has been seen from Am/
S = 3.1 mg cm > by TEM, but in too small quantities for
its identification by XRD, and for producing any weight
effect).

From these elements, it appears that the reaction is
composed of two successive steps:

1. formation of wiistite alone, which covers progressively
the Tnvar® surface, and thickens up to Am/S = about
4 mg cm™2. In this part, where kinetics are linear, a
kinetic law can be easily carried out;

2. for Am/S > about 4 mg cm_z, wiistite formation goes
on, but this oxide also converts into magnetite from the
outer interface. Simultaneously, there is an internal
oxidation and several morphological changes.

Kinetic law

At the early beginning of the reaction (Am/S < 0.5
mg cm~2), germs of wiistite progressively cover the Invar
surface and grow. The so-formed thin layer is probably
protective enough for justifying the slight initial kinetics
deceleration.

®
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For the following linear part of kinetics (0.5 < Am/
S <4 mg cm %) a simple law can be easily established,
corresponding to the thickening of the wiistite layer
according to Eq. 1, before magnetite quantitative formation.

(l —X)F€+C02 —>F61,XO+CO (1)

The slopes k of the isotherms and of the isobars of Fig. 3
lead to the rate law:
Am
d(%)

r=—32=0.41x Pco, exp(

—198000
dr

RT (3)

where the rate r is expressed in mg cm ™2 s~ ', for 2 x 10*
<Pco, < x 10° Pa, 1163 < T < 1263 K and 0.5 < Am/
S <4mgcm

For Am/S > 4 mg cm ™2, Fig. 2 shows that reaction rate
increases, and the curves are no longer affine (see Fig. 4a,
b). This means that another reaction occurs quantitatively,
which has been identified as the formation of magnetite,

through Eq. 4 occurring at the same time as reaction (1)

1—4
3 VFe, 0+ *)co,
1—x 1—x

1—4
— Fe;04 + ( ; x) Co (4)

— X

Concerning the weight effect of these reactions, it is worth
noticing that reaction (1) corresponds to a weight gain
which is three times greater than that of reaction (4):
32.6 mg cm™? instead of 10.9 mg cm ™2

Otherwise, near the end of the reaction, when iron is
quite completely consumed, reaction (4) remains alone,
and this explains the slackening observed in Fig. 2 from
Am/S = about 27 mg cm 2.

The simultaneity of the two reactions, with weight
effects depending on time, and with different localizations,
makes impossible the expression of a kinetic law for Am/

S >4 mgcm 2

Nature of the oxides and reaction mechanism
Beginning of the reaction (Am/S > 4 mg cm™?)

The nature of the oxides has to be examined together with
the mechanism proposal, since from a thermodynamical
point of view, magnetite should be the only oxide pro-
duced, if CO, was absolutely pure. Moreover, molecular
oxygen and water, present in the gas used (<5 ppm, see
Table 2), and mainly the traces of O, remaining in the
furnace before the introduction of CO,, favours also the
formation of magnetite. Of course, the production of car-
bon monoxide by reaction (1), could justify apparently the
formation of wiistite. But, in fact, even the complete oxi-
dation of a sample produces a quantity of CO (about
6 x 1073 mol) related to the amount of CO, in the

recording balance (approximately 0.35 mol), lower than
that is required for the stabilization of the wiistite, as pre-
viously established on the basis of thermodynamical tables
[9, 13, 14]: for instance, at 1200 K the ratio log Pco/Pco,
(—1.77) remains much lower than the value thermody-
namically required for the formation of wiistite (—0.278).
Clearly, Pco is always too low for stabilizing wiistite (Fe;_
,0), and even if Fe;O, is actually the final product, the
intermediate formation of wiistite has to be explained.
Several authors such as Smeltzer et al. [8, 9] or Kofstad
et al. [15-17] have already pointed out this question, but in
experimental conditions that were somewhat different from
those of the present study, since the substrates were pure
iron and the reactive atmospheres were generally composed
of CO/CO, mixtures. Nevertheless, the similarity of kinetics
and of the reaction products leads to examine their conclu-
sions. Kofstad claims that wiistite forms, according to the
following surface elementary reaction (limiting step):

COy — Oo + Vl/:/e +2h® + COyg (slow) (5)

using the Kroger-Vink notation [18], where Og, V, and h*
represent respectively, an oxygen anion in the wiistite lat-
tice, a Fe*" vacancy and an electron hole.

In this equation, if so, vacancies V},, and electron holes
h®appearing at the outer interface necessarily diffuse
inwards, corresponding to an outward flow of iron ions
Fe?" such as:

(V];’e + 2h.)n‘i»(lz“el‘:e)i’lfl: (VI/:/C + 2h.)n—l +(Fe’l:ﬁ)n
(rapid: in steady state)

(6)

where the index n represents the level of the oxide crys-
talline plane considered (n = 0 on the Invar®/oxide inter-
face and n is maximum at the interface oxide/gas). In the
present study, this outward iron diffusion has really been
confirmed by the platinum marker test of Fig. 9.

Figures 10a, b schematise respectively the elementary
reaction on the surface (5) and the diffusion step (6). At the
inner interface, metallic iron meets vacancies V{:’e and holes
h*, and it reacts with them by:

Feryar + Vl/:/e + 2h* = Fep, + (VFC)Inva.r
(rapid: in steady state)

(7)

with formation of an iron atom vacancy (Vge)p,,, in the
alloy and a Fe** cation Feg, in the wiistite lattice
(Fig. 10c).

This proposal of limiting step (Eq. 5) is in good agree-
ment with the kinetics linearity observed here, since the
reactive area (i.e. the place where the limiting step is
located) is the external surface of the oxide: this area
remaining constant with time, reaction rate also remains
constant.

It can also justify why wiistite forms instead of mag-
netite: as soon as one oxygen anion is captured at the
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Fig. 10 Elementary steps of

Invar® oxidation (beginning) 0=C=0
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o~ R OF  Fe*
FeZ+ 02— FeZ+ 02_
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foka D2h 0%
Fe Fe

Ni Fe

surface of the oxide (Eq. 5), step slow, accompanied by the
creation of a vacancy V. ), one ion Fe*" arrives immedi-
ately at the surface and fills the vacancy V[, (Eq. 6, step
rapid), so that the defect (V{,, 2h*) never stays at the
surface of the outer crystals. Indeed, one may consider that
the topotactic transformation of wiistite (fcc structure) into
magnetite (spinel structure) is the consequence of the
accumulation of defects (V. 2h*) inside the wiistite
structure, by:

2Fepe + Vi, + 2h* = 2Fe}, + Vi, (8)

where Fep, represents a former ion Fe?" converted into an
ion Fe’": the inward flow of defects ( e 2h') is probably
so rapid through Eq. (6) that the topotactic transformation
has not enough time to occur.

This mechanism is summarized in the schematic cross
section of Fig. 11, which gives the relative content of
metallic iron [Fe] (alloy side) and that of vacancies [V},]
(oxide side). Going from the core of the alloy (at the left)
towards the surface (at the right) are

— The alloy, where the iron concentration is the nominal
one of Invar® (about 64 mol %);

— Near the interface alloy/oxide, a zone where the iron
content is very low (as seen in Fig. 9b) since this
element is pulled out from the alloy and goes outwards;

— The oxide, where the vacancies content is that of
wiistite (around 5-9 mol %) and remains constant
because their diffusion is not the limiting step;

— Finally, the limiting reaction, on the surface (Eq. 5).
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Fig. 11 Relative contents of iron in the substrate and of vacancies
Vi, in wiistite, represented in cross section, with the limiting step
located at the outer interface (Am/S < 4 mg cm72)

Weight gains higher than 4 mg cm™ (sigmoid part)

For Am/S > 4 mg cm > the mechanism presented above
has to be modified to explain why the internal oxidation
occurs and why magnetite appears.

One hypothesis could be that oxygen diffuses at the
opposite of iron through the wiistite layer, from the surface
to the substrate, and finally reacts with the iron of Invar®.
However, this has never been reported in the literature, and
the difference between the self-diffusion coefficients of
iron (Dge = 7.8 x 1072 m? s™!, calculated from [19])
and oxygen (Do =2 X 107" m? s™' [20]) makes this
hypothesis very unlikely.
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Fig. 12 Oxidation mechanisms
for weight gains lower (a) and
greater (b) than 4 mg cm™>

invar

Another hypothesis is that the iron vacancies produced
by Eq. 7 gather at the alloy/oxide interface, forming the
holes seen on Fig. 7c. Indeed, it is probable that diffusion
of Fe in the alloy is slower than the diffusion of Fe*" in the
wiistite (Fe is bigger than Fe*", but no data is available
about the auto diffusion of iron in Fe—Ni alloys). Hence,
the progressive formation of the holes observed may result
in the reduction of the surface contact alloy/oxide, and
finally limit the iron diffusion outwards and weaken the
bonding substrate/oxide.

The appearance of a network of micro-cracks inside the
wiistite layer is probably a consequence of this, joined to
the fact that strong stresses appear in the oxide layer during
its thickening, as already mentioned previously [21, 22],
because of the high value of the Pilling and Bedworth Ratio
(PBR) of wiistite Fe;_, O formed from Invar®, equal to 2.7.

These two phenomena (formation of holes at the inter-
face oxide/metal and cracks into the oxide scale) can easily
justify the direct access of CO, to the substrate leading to
the internal oxidation of the alloy, seen in the porosity of
the substrate.

Finally, when the wiistite layer is no longer bonded to
the alloy, iron cannot diffuse anymore towards the wiistite
surface, and then the topotactic transformation of wiistite in
magnetite (Eq. 8) can begin, forming so the final oxide,
forecast by thermodynamic.

Figure 12 allows comparing the reaction mechanism
before the cracking of the wiistite layer (Fig. 12a) and after
(Fig. 12b).

This last hypothesis has to be accepted because it
explains both the internal oxidation and the change of
reaction mechanism for weight gains Am/S > 4 mg cm™2,
the origin of which lies in a mechanical stress relaxation at
the interface wiistite/alloy, made brittle by the accumula-
tion of vacancies in this zone. Thus, it provides a consistent
explanation for the sigmoidal shape of the kinetics, due to
the microstructural changes of the substrate and of the
oxide, that induces a change in the nature and in the
localization of the reactions: the addition of reactions (4)
and (1), joined to the creation of new reactive surfaces
inside the porosity of the substrate, led to an acceleration of
the weight gain, the final slackening being explained by the
depletion in iron of the substrate.

(a) Am/S <4 mg cm

CO,
C)u—x) Fe + COp=Fe, 0+ CO

(b) Am/S > 4 mg cm=
3 Fe, 4,0+ (1-4x) CO, = (1-x) Fe304 + (1-4x) CO

(1-x) Fe + CO, _Fe, ,0 + CO

(1-x

Fe

Conclusions

This study presents the oxidation kinetics of Invar® in CO,
at 1163 < T < 1283 K and 2 x 10* <Pco, < x 10° Pa.
Characterization of the reaction products shows the only
formation of wiistite with an outward diffusion of ions
Fe ™", up to a mass gain of about 4 mg cm ™2, associated to
the linear part of the kinetics. The corresponding apparent
energy of activation is of 198 4 14 kJ mol~', while the
rate depends linearly on the pressure of CO,. The overall
reaction is then governed by the external elementary
reaction of CO, with wiistite.

If the oxidation continues, for weight increases higher
than 4 mg cm™ 2, a mechanical relaxation of stresses at the
interface oxide/alloy leads a mechanism change, with
penetration of CO, through the oxide scale, which gives an
internal oxidation. Consequently, the outward diffusion of
ions Fe>* through the wiistite layer is stopped in the places
where oxide and alloy are no longer in contact, and, pro-
gressively, wiistite converts into magnetite via a topotactic
transformation. As far as the wiistite formation continues
inside the alloy, these two simultaneous reactions lead to
an increase of the overall reaction rate. Close to the end of
the reaction, the rate finally decreases because of the iron
depletion, and all this justifies the sigmoidal shape of the
overall kinetics.

From a practical point of view, since the plasma depo-
sition of ceramic onto metallic substrates is favoured by the
presence of a wiistite layer strongly bonded to the substrate,
in the case of Invar® the preheating step must be carefully
processed to obtain wiistite alone and having a controlled
thickness rather thin, i.e. before the appearance of the first
micro-cracks.
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