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bstract

The oxidation behaviour of AISI 304 and AISI 439 stainless steels was studied at high temperatures, under various oxygen pressures and
n the presence or not of water vapour. Thermogravimetric analyses were conducted in isothermal conditions from 850 to 950 ◦C for 50 h and
icrostructural and chemical analyses of the oxide films grown by oxidation were performed by SEM and EDX. The oxide films were also analysed

y grazing X-ray diffraction and by X photoelectron spectroscopy (XPS).
The AISI 439 steel has higher oxidation resistance than AISI 304, above 850 ◦C, under high oxygen pressures. On the other hand, the AISI 304

teel has higher oxidation resistance under low oxygen pressures in the whole temperature range.
In order to check whether the growth kinetics of Cr O formed by the oxidation of stainless steels was controlled by oxygen or/and chromium
2 3

iffusion through the oxide film, the oxidation constants were theoretically calculated on the basis of diffusion data using Wagner’s Theory. The
alculated values of the oxidation constants agree reasonably well with experimental values, therefore confirming the role of diffusion processes
n the growth of chromia on stainless steels.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

Chromia protective films grown on stainless steels efficiently
educe high temperature corrosion [1,2]. Among various appli-
ations, stainless steels are nowadays widely used in exhaust
ipes to improve the service life of their components, especially
he upstream part of the exhaust line (manifold, down-pipe,
onverter shell), where temperatures can reach 1100 ◦C.

Austenitic stainless steels like AISI 304 are traditionally used,
ut, more recently, ferritic stainless steels have been developed
or those applications. Besides offering the advantage of lower
osts than austenitic grades (as the former does not include
ickel), they also present a lower expansion coefficient than
ustenitic steels, which is clearly an advantage when temperature

ycling resistance is needed.

In this work, the high temperature oxidation behaviour of an
ustenitic stainless steel (AISI 304) is compared to the behaviour
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ter vapour

f a 17% Cr ferritic stainless steel (AISI 439) containing tita-
ium and niobium (see Table 1). These elements are generally
dded in stainless steels to prevent the risks of intergranular cor-
osion of weldments, due to the formation of stable titanium and
iobium nitrides and carbides instead of non-stable chromium
arbides [3,4]. Moreover, due to the additions of nitride and car-
ide forming elements, the structure of the stabilised 17% Cr
teels is “fully” ferritic at all temperatures. This austenite has a
eneficial effect on the oxidation resistance of those steels [5],
s it prevents damage to the protective oxide film.

In most applications, steels can be affected by water vapour,
herefore, oxidation resistance was studied from 850 to 950 ◦C
n various atmospheres, namely pure oxygen, synthetic air, air
ith H2O and argon–hydrogen–H2O mixtures.

. Materials and experiments
The samples of AISI 304 austenitic and AISI 439 ferritic
tainless steels used in this work were supplied by Acesita S.A.
he chemical analyses of these steels are given in Table 1. For
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Table 1
Chemical composition of the 304 and 439 stainless steels

Steel wt% N (ppm)

C Mn Si P S Cr Ni Nb Ti

304 austenitic 0.0466 1.37 0.46 0.028 0.0006 18.07 8.11 – – 322
4 0.00
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39 ferritic 0.0060 0.18 0.42 0.033

he thermogravimetric analyses, the samples were cut to dimen-
ion (10 mm × 10 mm × 0.6 mm), with a small hole of 0.8 mm in
iameter near an edge, to hang them in the thermobalance. They
ere all polished with diamond paste, and submitted to oxidation

reatments in a SETARAM TGDTA 92 thermobalance (sensitiv-
ty of ±1 �g). The oxidation treatments were performed at 850,
00 and 950 ◦C for 50 h, under 1 atmosphere pressure, either
ade of pure oxygen or synthetic air, and, in order to observe the

ossible influence of water vapour, in Ar–H2–H2O or air–H2O
ixtures. The Ar–H2–H2O mixture was obtained from Ar with

00 vpm H2, the gas passing through a catalyst which allows
he elimination of oxygen by promoting the 2H2 + O2 → 2H2O
eaction, then through a cryostat at −60 ◦C which maintains a
H2O = 5.26 × 10−6 atm. In the furnace, the oxygen pressure,
O2, was imposed by the equilibrium H2 + (1/2)O2 ↔ H2O,
or which �G◦ (J) = −249700 + 57.07T = −RT ln K with K =
H2O/(pH2p

1/2
O2

). Concerning the mixture air + H2O, it was
btained by passing air through water maintained at 15 ◦C, pro-
ucing a pH2O = 1.68 × 10−2 atm. The theoretical oxygen and
ater vapour pressures are gathered in Table 2. The growth
inetics of the scales formed on the steels were established by
easuring the mass gain per unit area versus oxidation time. It

s well known that the sample initial surface condition can have
n important effect on the oxidation kinetics and on the scale

dherence. Indeed, the surface preparation will act on several
arameters which characterise the surfaces: analytical, struc-
ural, mechanical parameters. In the case of an alloy, especially

able 2
as pressure in the various tested atmospheres (total pressure = 1 atm)

(◦C) p (atm)

pO2 pH2 pH2O pH2O/pO2

50
O2 1 10−6 10−6 10−6

Air 0.21 10−6 10−6 4.76 × 10−6

Air + H2O 0.1932 10−6 0.0168 8.7 × 10−2

Ar–H2–H2O 1.44 × 10−20 10−4 5.26 × 10−6 3.65 × 1014

00
O2 1 10−6 10−6 10−6

Air 0.21 10-6 10−6 4.76 × 10−6

Air + H2O 0.1932 10−6 0.0168 8.7 × 10−2

Ar–H2–H2O 1.40 × 10−19 10−4 5.26 × 10−6 3.76 × 1013

50
O2 1 10-6 10−6 10−6

Air 0.21 10−6 10−6 4.76 × 10−6

Air + H2O 0.1932 10−6 0.0168 8.7 × 10−2

Ar–H2–H2O 1.34 × 10−18 10−4 5.26 × 10−6 3.92 × 1012
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10 17.01 0.23 0.17 0.15 122

stainless steel, the chromium to iron ratio at the outer sur-
ace can vary according to the surface preparation and this will
ave an influence on the nucleation of the possible oxides [6].
t was also shown [7] on nickel that the polishing procedure
ould modify the growth kinetics of NiO. Moreover, the first
xidation stage has probably an important effect on the adher-
nce of the oxide film after long oxidation treatments. Finally,
oncerning the stresses at the surface of the sample, the initial
urface condition is particularly important as significant differ-
nces are obtained according to the nature of the polishing or to
shot-peening [8], etc. That is why all our studied samples were
olished in the same way. The polishing procedure was chosen
n order to obtain a surface roughness in adequation with the
urther surface analyses.

The microstructure and composition of the oxidised surface
ere examined by scanning electronic microscopy (SEM) and

nergy dispersive spectroscopy (EDX). Grazing X-ray diffrac-
ion experiments and photoelectron spectroscopy (XPS) gave
upplementary information. The chemical analyses of oxide lay-
rs by XRD have been carried out on a Panalytical X’Pert Pro
RD apparatus in grazing incidence fixed at 2◦. The copper

nticathode of the diffractometer presents a λK�(Cu) wavelength
qual to 0.154184 nm. The 2θ scanning range was fixed between
0◦ and 80◦ by step of 0.02◦ with a counting time of 4.5 s per
tep. Finally, XPS analyses were performed on a Leybold LHS10
pparatus, operating under a 10−7 to 10−8 Pa vacuum. It used
1253.6 eV radiation of an Mg anticathode X-ray source and
orked in constant analyser transmission mode (CAT). Argon

ons sputtering was carried out for 5 min in order to remove the
ontamination layer (especially carbon contamination). Most of
he analyses were performed with a beam at 90◦ relative to the
ample.

. Results

.1. Thermogravimetry (TG)

All the results concerning the kinetic curves (mass gain curves
s a function of time) are gathered in Fig. 1 for all the atmo-
pheres tested as well as the two steels. It clearly appears that
or AISI 439, the atmosphere nature has little effect on oxida-
ion which is not the case for the AISI 304, particularly when the

emperature reaches 900 ◦C and beyond. In all cases, for AISI
39, the kinetics follows a parabolic law, as shown in Fig. 2a. In
ontrast, for AISI 304, when plotting the kinetic curve at 900 and
50 ◦C in quadratic coordinates, two successive stages appear,
s shown in Fig. 2b, each of them following a parabolic law.
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Fig. 1. Mass gain curves of AISI 304 and 439 under various atmospheres at three temperatures (850–900–950 ◦C).
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Fig. 2. Quadratic plot of the mass variation vs. time for: (a) AISI 439 oxidised
at 900 ◦C in Ar–H2–H2O and (b) AISI 304 oxidised in O2 at 900 ◦C.

Table 3
Global composition (%) of the oxide film grown on AISI 439 at 900 ◦C

Air Air + H2O

Cr 39.15 36.91
Mn 13.67 14.02
T
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Fig. 3. Outer surface of the oxide film formed on AISI 43
i 4.56 6.42
42.63 42.65

.2. Microstructure and composition: SEM observations
nd EDX analyses

In the case of AISI 439 steel, the oxidised outer surface
resents regular equiaxed grains (Fig. 3a) with sometimes sand
oses (Fig. 3b). Whatever the oxidation temperature and atmo-
phere, global EDX analyses indicate that the scale is mainly
onsisting of Cr and oxygen, i.e. Cr2O3. Nevertheless, some
e, Mn and Ti are detected, and the sand roses are particularly
nriched in Cr, Mn and Ti. After oxidation at 950 ◦C, whatever
he atmosphere, some bucklings are observed (Fig. 4). They are
lready present at 900 ◦C when water vapour is present in the oxi-
ation atmosphere. Observations of transverse sections by SEM
how that the oxide scale is flat, not convoluted and internal oxi-
ation occurs (Fig. 5a), whatever the atmosphere. The internal
xide particles are made of silica. Finally, when oxidised with a
igh H2O/O2 ratio, i.e. in Ar/H2/H2O mixture, some whiskers
re observed (Fig. 5b) and some few spallings appear at least
hen oxidised at 950 ◦C. At the bottom of the spalled zone,
xide crystallites made of Si and Ti are detected. Nevertheless,
he global composition of the oxide scales is not significantly
odified by the presence of water vapour in the oxidising gas

Table 3).
Concerning the AISI 304 steel, the outer surface of the oxide

cale grown at 850 and 900 ◦C have a similar aspect. The oxide
lm is made up of little regular grains (Fig. 6a) with some
hickening along grain boundaries of the underlying substrate
Fig. 6b). EDX analyses indicate that the scale is enriched in
hromium and oxygen with a significant amount of manganese
10–15%) and some silicon. After oxidation at 950 ◦C, two types

9 oxidised at 850 ◦C: (a) in air and (b) in air + H2O.



270 A.M. Huntz et al. / Materials Science and Engineering A 447 (2007) 266–276

Fig. 4. Outer surface of the oxide film formed on AISI 439 oxidised at 950 ◦C: (a) in air and (b) in air + H2O.
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Fig. 5. AISI 439: (a) transverse section after oxidation in air + H2O at 900

f oxide morphology is observed on the outer surface: some

ones are made up of little regular grains (Fig. 7a) while, particu-
arly on the edges and the periphery of the sample, rough oxide is
resent (Fig. 7b). The areas with regular oxide grains are made of
hromia while the convoluted zones are made up of iron oxides.

m
o
r
c

Fig. 6. Outer surface of AISI 304 ox
d (b) outer surface of the scale after oxidation at 850 ◦C in Ar–H2–H2O.

fter many observations, it seems that the areas with small chro-

ia grains correspond to spalled areas, this spalling probably

ccurring during cooling. When oxidised with a high H2O/O2
atio, i.e. in Ar/H2/H2O mixture, whiskers are numerous, espe-
ially on the blisters formed along grain boundaries (Fig. 8a),

idised at 850 ◦C in air + H2O.
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Fig. 7. Surfaces of AISI 304 oxidised at 950 ◦C in air: (a) observation of a s

nd they are rich in Cr and Mn. Looking at the oxide–steel inter-
ace along transverse sections, it is observed that the interface
s more convoluted than for the 439 steel, as shown by Fig. 8b.
ilica particles are observed along the inner interface of the scale
nd as internal penetrations.

.3. Structure characterisation by grazing XRD

XRD analyses allowed to verify that the oxide scale mainly
onsisted of chromia, except for the 304 steel oxidised at 950 ◦C
or which the amount of iron oxide is important. Nevertheless,
any diffraction peaks are observed on the X patterns as many

lements constituting the steel are more or less oxidised, espe-
ially chromium, but also iron, silicon, manganese and titanium
n case of 439 steel. Thus, mixed oxides and solid solution of
hromium–iron oxide (Cr,Fe)2O3 are present. With the 304 steel
xidised at 950 ◦C, Fe2O3 is detected at the outer surface. With
he 439 steel, Mn1.5Cr1.5O4 and MnTiO3 oxides are detected.

hese oxides are the constituent of the observed sand roses on the
uter surface (see Fig. 3b). No important differences are linked
o the presence of water vapour in the oxidising atmosphere,
hich conforts the result shown in Table 3.

m
t
n
t

Fig. 8. AISI 304: (a) outer surface after oxidation at 850 ◦C in Ar–H2–
area showing little chromia grains and (b) unspalled area with iron oxide.

.4. X photoelectron spectroscopy

It is important to note that the thickness of the sample anal-
sed by XPS is very small, depending on the mean distance
overed by the emitted electrons, this last being a function of
ts energy. The order of magnitude of the analysed thickness
hen the X beam is perpendicular to the sample surface is

ncluded between 0.5 and 10 nm [9]. Thus, the obtained infor-
ation is coming from the very outer surface of the oxide
lm. When decreasing the beam angle by tilting the sample,

he information becomes more and more characteristics of the
urface.

In nearly all the cases, two components must be considered to
ebuild the experimental chromium peak (Fig. 9a). The energy
f the more intense peak corresponds to Cr3+ in Cr2O3 (or
Cr,Fe)2O3) while the energy of the small peak indicates the
resence of Cr in mixed oxides (probably Mn1.5Cr1.5O4) at the
ery outer surface. Moreover, at 950 ◦C, the chromium peak is

ore intense in the 439 steel than in the 304 steel (Fig. 9b), due

o the presence of iron oxides on 304. Three components are
ecessary for Mn (Fig. 9c). Due to their energy, it can be said
hat the first peak corresponds to Mn2+ (i.e. MnO compound),

H2O and (b) cross section after oxidation at 900 ◦C in air + H2O.
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Fig. 9. XPS peaks and their reconstruction: (a) Cr peak in 439 after oxidation at 950 ◦C in air, (b) comparison of Cr peak in 439 and 304 after oxidation at 950 ◦C in
air, (c) Mn peak on 304 oxidised in air at 950 ◦C, (d) Ti peak on 439 after oxidation at 950 ◦C in air, and (e) comparison of Fe peaks on 304 according to oxidation
temperature and atmosphere.
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Table 4
Intensity ratios of XPS peaks determined on the oxide film formed on AISI 439
at 950 ◦C in air according to the beam angle

Beam angle Intensity ratios

Ti459/Cr576 Ti459/Mn641 Cr576/Mn641

90◦ 0.58 0.92 1.59
4
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0◦ 0.72 0.97 1.35
(40◦ − 90◦) +0.14 +0.05 −0.24

he second to Mn bound in a mixed oxide (Mn1.5Cr1.5O4 and/or
nTiO3) and the last one corresponds to a satellite [9]. Ti is not

etected on the oxidised surface of the 304 steel, but a significant
mount is present on the outer surface of 439 steel (Fig. 9d). One
eak, corresponding to Ti4+, is sufficient to fit the experimental
eak. In agreement with the previous results, iron is particularly
resent on the outer surface of the 304 steel when oxidised at
50 ◦C (Fig. 9e), and its fraction increases with the presence of
ater vapour.
For the 439 steel oxidised at 950 ◦C in air, analyses were also

ade with the beam at 40◦ from the sample. It means that a
maller depth is concerned by the analysis when compared to
he previous results. Thus, as shown by the results in Table 4, it
ndicates that the titanium–manganese rich oxide (MnTiO3) is
ocated on the outer surface of the oxide scale, while chromia
nd Mn–Cr rich oxide lie underneath.

. Discussion

.1. Kinetic aspect

In the case of AISI 439 steel, it appeared from the results
Figs. 1 and 2) that, whatever the temperature and the atmo-
phere, the mass gain curves follow a parabolic law given
y (�M/S)2 = a + kpt, i.e. a law which is particularly interest-
ng for the applications as the oxidation rate decreases with
ime. The so-determined kp constants are presented in Table 5
nd their evolution with the temperature has been plotted in
n Arrhenius graph leading to the determination of the oxi-
ation activation energy (Fig. 10 and Table 6). Whatever the

xidising atmosphere, the curves in the Arrhenius plot are quasi-
uperimposed and the activation energy is included between 230
nd 250 kJ mol−1. All these results agree with the formation of

able 5
xidation parabolic constants (kp) values in g2 cm−4 s−1 for AISI 439 and for

he first stage of AISI 304 (i.e. for Cr2O3 growth)

Air Air + H2O Ar/H2 + H2O O2

ustenitic AISI 304
850 ◦C 2.1 × 10−13 9.0 × 10−14 1.6 × 10−13 1.3 × 10−13

900 ◦C 6.9 × 10−13 6.5 × 10−13 3.2 × 10−13 4.6 × 10−13

950 ◦C 1.4 × 10−12 1.5 × 10−12 6.4 × 10−13 1.1 × 10−12

erritic AISI 439
850 ◦C 4.0 × 10−13 4.1 × 10−13 2.9 × 10−13 3.2 × 10−13

900 ◦C 1.6 × 10−12 1.8 × 10−12 1.5 × 10−12 1.4 × 10−12

950 ◦C 3.0 × 10−12 3.2 × 10−12 2.6 × 10−12 2.5 × 10−12
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ig. 10. Arrhenius plot of oxidation parabolic constants for 439 and for the first
tage of 304 steel.

protective chromia film [10–15]. Indeed according to Hindam
nd Whittle [15], the growth of chromia films is characterised
y kp values in the range 4 × 10−13 to 1 × 10−11 g2 cm−4 s−1 at
50 ◦C, and 2 × 10−12 to 7 × 10−11 g2 cm−4 s−1 at 950 ◦C. Our
alues are close to the smaller values. This work indicates that
he growth mechanism of chromia films depends neither on the
xygen pressure, nor on the presence of water vapour.

The situation is somewhat more complex with the AISI
04 steel. Indeed, it can be seen in Fig. 1 that, except under
r–H2–H2O atmosphere, there is a gap between the mass evolu-

ion at 850 and that at 900 or 950 ◦C according to the atmosphere.
t 950 ◦C and for any of the three atmospheres O2, air and

ir + H2O, the mass gain curve clearly shows two stages, a first
hort one characterised by a small mass gain, followed by a
ast mass gain. The analysis of quadratic plots indicates that
he first stage leads to parabolic oxidation constants kp of the
ame order of magnitude than in the case of AISI 439 steel,
ee Table 5, i.e. corresponding to the values found in the liter-
ture for chromia growth [10–15]. In contrast, the second stage
eads to important parabolic constants close to those found for
ron oxides: literature data on the oxidation constants of iron (or

ron base alloys) [10,16,17] lead to scattered values, between
0−11 and 10−9 g2 cm−4 s−1 at 950 ◦C, according to the for-
ation of haematite or magnetite, respectively, while the value

able 6
ctivation energy associated to the oxidation constants in Table 5

AISI 304 (kJ mol) AISI 439 (kJ mol)

ir 231 231
ir + H2O 323 235
r/H2/H2O 158 252

2 239 239
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etermined in this work for the second stage at 950 ◦C is about
0−9 g2 cm−4 s−1. When plotting Arrhenius graphs with the oxi-
ation constants determined in the first stage (Fig. 10), it appears
hat the values of the activation energy (Table 6) are much more
cattered than those of the previous steel. Thus, for the three
tmospheres O2, air and air + H2O, a transition occurs from chro-
ia growth to iron oxides growth and the higher the temperature

he faster the transition.
It could be suggested that the data for the AISI 439 in Fig. 10

re the consequence of the superimposition of two processes,
ne which would correspond to the volatilisation of chromium
pecies which would induce a mass decrease, and the other
hich would lead to a mass increase due to the growth of

ron oxides, as for AISI 304 [18]. This possibility is rejected
n account of the commonly accepted negligible pressure
btained for the chromium trioxide at temperatures of our tests
19–21]. Indeed, according to Hagel for instance [20], at 950 ◦C
he vaporisation constant is equal to 1.7 × 10−21 g cm−2 s−1.

oreover, in oxygen-water vapour atmospheres, chromium(VI)
xo-hydroxide CrO2(OH)2 exhibits much higher partial pres-
ure than CrO3 [22], but the present results do not show
ignificant differences according to the nature of the environ-
ent for both studied steels, though the H2O ratio is very

mportant in Ar–H2–H2O atmosphere (see Table 2). It can be
oncluded that scale volatilisation is not a valid damaging pro-
ess for the oxide layer.

.2. Effect of the atmosphere on the oxidation mechanism
nd high temperature resistance

It was already mentioned that the composition of the oxidis-
ng atmosphere had no effect on the oxidation behaviour of AISI
39, contrary to the case of AISI 304.

For AISI 439, whatever the temperature and the atmosphere
omposition, chromia is always formed as a protective film and
ts growth kinetics depends neither on the oxygen pressure, nor
n the presence of water vapour. It is well represented in Fig. 10.
or AISI 304 steel at 850 ◦C (Fig. 1), the mass gains are rela-

ive to chromia growth and the effect of oxygen or water vapour
ressure is not significant. When temperature increases, some
ifferences are observed according to the atmosphere composi-
ion and it appears that the oxidation kinetics speeds up with the
xygen pressure and with the presence of H2O (Fig. 1c). In this
ase, chromia is formed as a continuous protective film only at
he smaller temperatures or in atmosphere with small oxygen
ressure.

Recently, in the literature, several mechanisms have been
uggested to justify the oxidation of stainless steels occurring
n water vapour. Most of them take into account the possible
ntegrity loss of the chromia scale in such atmospheres [18]
hich would justify the behaviour of AISI 304 at temperatures
reater than 850 ◦C. The scale volatilisation has been invoked
o justify the loss of chromia scale protection. It was already

iscussed and concluded that it was negligible in the present
onditions. Moreover, it can be seen in Fig. 1b and c that, even in
ry oxygen, a second stage is obtained with a greater parabolic
onstant. The loss of the chromia film integrity could also be
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ue to through scale cracking. This does not appear through the
EM observations as, when spalling occurs, a compact chromia
lm is observed underneath (Fig. 7a). It cannot be suggested

hat water vapour is efficient for scale failure as, in our case,
similar oxidation rate occurs in pure oxygen and air + H2O

Fig. 1b and c). Thus, creation of microcracks, or voids at the
nner interface, does not seem to be responsible for the increase
f oxidation rate. A depletion in the chromium concentration
n the substrate, near the substrate–oxide interface, as observed
ecently by Galerie et al. [18], cannot be invoked for a mech-
nism change in presence of water vapour as these authors did
ot observe significant difference in the chromium interface con-
entration according to the atmosphere nature (with or without
ater vapour). The same authors also showed that stress in the
xide film could not be the thermodynamic force for haematite
ucleation.

The behaviour difference with AISI 439 is not related to
he steel composition as both have roughly the same chromium
mount (it is even more important in 304), but to the steel struc-
ure. AISI 439 has a ferritic structure and diffusion coefficients
re much greater (approximately 10 times greater), than in an
ustenitic matrix. Thus, the amount of chromium in the steel is
ufficient to feed the oxide film growth and there is no variation
ccording to the atmosphere composition as, in all cases, the
xygen pressure is sufficient to form this oxide. In the case of
ISI 304, even 18% chromium is not always sufficient to feed

he growth of a chromia film. Indeed, the minimum amount of
hromium in the steel necessary to lead to a chromia protective
lm can be derived from Wagner equation [23]:

NB(m) − NB(i)

1 − NB(i)
= F

[(
1

2

kc

D̃

)1/2
]

(1)

here NB(m) is the atomic fraction of the most oxidisable ele-
ent in alloy AB, NB(i) the atomic fraction at the metal–oxide

nterface, D̃ the coefficient of chemical diffusion of the alloy
nd F(u) = π1/2u(1 − erf u) exp(u2).

By substituting NB(i) by 0, and applying the equation to
ron–chromium alloys, it enables the nominal chromium con-
entration of the alloy required for the development of a compact
ayer of Cr2O3 to be ascertained [14]:

min
Cr = F

[(
1

2

kc(Cr2O3)

D̃

)1/2
]

(2)

here kc(Cr2O3) is the oxidation constant of chromia and D̃ is
he interdiffusion coefficient in the FeCr based substrate.

Thus, the smaller D̃, the greater the amount of Cr necessary
o form the continuous film. In the 304 steel case, 18% Cr is
ot sufficient when temperature (or time) increases due to the
act that diffusion coefficients are smaller than in the case of
ISI 439. Thus, at the beginning, even if a thin chromia film

orms, the chromium concentration and diffusivity cannot feed

he further growth, which leads to the growth of iron oxide, thus
o an oxidation kinetics significantly accelerated. This does not
ct under Ar–H2–H2O atmosphere as, in this case, the oxygen
ressure is too low to allow the formation of iron oxides.
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Table 7
Values of the oxidation constants calculated from diffusion data using Wagner’s theory

Atmosphere kp (g2 cm−4 s−1)

850 ◦C 900 ◦C 950 ◦C

Polycrystals Films Polycrystals Films Polycrystals Films

O2 1.18 × 10−12 3.17 × 10−12 1.66 × 10−12 6.04 × 10−12 2.34 × 10−12 1.15 × 10−11

A −13 −13 × 10−13 −13 −13 −12

A × 10
A × 10
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data concerning oxidation of either pure chromium or chromia
forming alloys [32], are also plotted in Fig. 11, showing a rea-
sonable agreement even if a noticeable scattering is observed,
due to the great variety of tested alloys and of oxidation.
r–H2–H2O 2.04 × 10 5.50 × 10 2.57
ir 1.14 × 10−12 3.08 × 10−12 1.61
ir + H2O 1.14 × 10−12 3.08 × 10−12 1.61

It can be noted that the presence of large amount of water
apour (Ar–H2–H2O mixtures) promotes the formation of
hiskers especially at 850 ◦C (see Figs. 8a and 5b). Such
hiskers are not observed in air + H2O atmosphere in agreement
ith recent works of Hansson and Somers [24]. On the basis of
ur results, it is not possible to suggest, as they do, a change in
he oxidation mechanism from controlled by countercurrent dif-
usion of anions and cations in air + H2O to a control by cation
iffusion only in Ar–H2–H2O atmosphere. Moreover, it seems
hat silicon oxidises more easily when water vapour is present
Figs. 5a and 8b) while the reverse occurs for Mn oxidation.

.3. Comparison of the two steels

To conclude on the differences between the two steels on
he oxidation resistance, it can be said that the AISI 439 steel
as a higher oxidation resistance than AISI 304 at temperatures
bove 850 ◦C linked to the growth of a protective chromia film
n all oxidation conditions. Nevertheless, the oxidation constant
s somewhat higher for 439 steel than for 304 steel when con-
idering the cases where only Cr2O3 is formed, i.e. for the first
tage of the kinetic curves of 304. This is probably an effect
f the impurity as Ti is present in 439 steel but not in the 304
teel, and it oxidises and gives sand roses at the outer surface
f the chromia films (cf. Fig. 3b). Thus, according to literature
ata [25–27], the ferritic steel exhibits a better high temperature
xidation resistance than the austenitic steel.

.4. Oxidation mechanism

In order to confirm the previous suggestion, oxidation con-
tants were calculated by means of Wagner’s theory [11,28] and
ompared to the experimental oxidation constants.

The following equation was used to calculate the oxidation
onstant kc expressed in cm2 s−1:

c =
(

zc

za
Dcat + DO

)
ln

(pO2 )e

(pO2 )i
(3)

c and za being the valence of the cation and anion, respectively.
his equation implies that the defect concentration in the chro-
ia film does not depend on the oxygen pressure as suggested
y previous works [29]. In Eq. (2), Dcat and DO were consid-
red as effective diffusion coefficients given by Deff = (1 − f)
b + fDgb where Db is related to bulk diffusion and Dgb to grain
oundary diffusion, and f is the fraction of atoms diffusing in

F
p
a
c

9.31 × 10 3.61 × 10 1.78 × 10
−12 5.85 × 10−12 2.26 × 10−12 1.12 × 10−11

−12 5.85 × 10−12 2.26 × 10−12 1.12 × 10−11

he grain boundaries. Bulk and grain boundary diffusion coef-
cients of chromium and oxygen in chromia were taken from

iterature data [13,30] and f was considered as being equal to
δ/Φ, δ being the grain boundary width and Φ being the grain
ize [31]. Once kc obtained from D values, kp was calculated by
he equation:

c =
(

Mox

b ρoxMO

)2

kp (4)

The results of our calculations are given in Table 7 and corre-
pond to the formation of Cr2O3 only. Thus, the best comparison
ith our experimental values of the oxidation constant concerns

he results obtained in Ar–H2–H2O atmosphere as in this gas
ixture, for both steels and the three tested temperatures, the

xide film is only constituted by chromia (see kinetic curves in
ig. 1). So, the calculated oxidation constants and the experi-
ental ones obtained in Ar–H2–H2O mixture (Fig. 11) present
reasonable agreement. Moreover, the comparison of the values
iven in Tables 5 and 7, including all atmospheres used in our
ork, is sufficiently satisfying to say that Wagner’s theory can
e applied to a complex alloy. The results given in the literature
ig. 11. Comparison, in an Arrhenius plot, of the experimental oxidation
arabolic constants for 304 and 439, and those calculated from diffusion data
ccording to Wagner theory, in Ar–H2–H2O atmosphere. Data from the literature
oncerning growth of chromia film by oxidation are also given.
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. Conclusions

The oxidation behaviour of two stainless steels, the austenitic
ISI 304 and the ferritic AISI 439, was studied between
50 and 950 ◦C in 1 atm of either oxygen, air, air + H2O or
r + H2 + H2O.
The 439 steel exhibits a very satisfying oxidation resistance

ue to the fact that whatever the temperature and the atmosphere
omposition tested, its oxidation kinetics follows a parabolic
aw, i.e. (�M/S)2 = kpt, with kp the parabolic oxidation constant,
ndicating that the film growth is controlled by diffusion. The
xide scale is mainly made up of Cr2O3. Ti rich oxide is present
n the outer surface as “sand roses”, and at the lowest tempera-
ure in the presence of water vapour, whiskers are observed. The
teel–oxide interface is rather straight with silica nodules and
nternal oxidation of silicon is significant.

In the case of AISI 304, a parabolic kinetics was observed at
ow pO2 (Ar/H2O/H2), at all temperatures (850–950 ◦C), associ-
ted to Cr2O3 growth. But, at higher oxygen pressures (O2, air,
ir + H2O), a parabolic kinetics was observed only at 850 ◦C,
nd the oxidation rate of the 304 stainless steel shows no sig-
ificant dependence on atmosphere, due to the formation of
r2O3. Above 850 ◦C, a deviation to the parabolic behaviour

s observed, with two stages, initially formation of Cr2O3 fol-
owed by the growth of iron oxides which induces a greater
xidation rate. In presence of H2O, whiskers rich in Cr and
n can be observed along the substrate grain-boundaries. The

teel–oxide interface is convoluted and internal oxidation of
ilicon is observed.
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Nucl. Mater. 29 (1969) 144.

[7] A.M. Huntz, B. Lefevre, F. Cassino, Mater. Sci. Eng. A 290 (2000)
190–197.

[8] A. Aubry, F. Armanet, G. Béranger, J.L. Lebrun, G. Maeder, Acta Metall.
36 (10) (1988) 2279.

[9] D. Briggs, J.C. Rivière, in: D. Briggs, M.P. Seah (Eds.), Practical Sur-
face Analysis, vol. 1, John Wiley and Sons, Chichester, 1996, pp. 85–141
(Chapter 3).

10] A. Atkinson, Rev. Modern Phys. 57 (2) (1985) 437.
11] P. Kofstad, High Temperature Corrosion, Elsevier Applied Science, 1988.
12] G. Ben Abderrazik, G. Moulin, A.M. Huntz, Oxidat. Met. 33 (3/4) (1990)

191.
13] S.C. Tsaı̈, A.M. Huntz, C. Dolin, Oxidat. Met. 43 (1995) 581.
14] P. Moulin, A.M. Huntz, P. Lacombe, Acta Metall. 28 (1980) 745.
15] H. Hindam, D.P. Whittle, Oxidat. Met. 18 (5/6) (1982) 245.
16] J.H. Park, W.E. King, S.J. Rothman, J. Am. Ceram. Soc. 70 (1987) 880.
17] Kvernes, M. Oliveira, P. Kofstad, Corros. Sci. 17 (1977) 237.
18] A. Galerie, S. Henry, Y. Wouters, M. Mermoux, J.-P. Petit, L. Antoni, Mater.

High Temperatures 22 (1/2) (2005) 105.
19] C.S. Tedmon, J. Electrochem. Soc. 113 (8) (1966) 766.
20] W.C. Hagel, Trans. Am. Soc. Met. 56 (1953) 583.
21] J. Paidassi, C. Cadiou, L. Berry, C.R. Acad. Sci. Paris C 226 (1968) 413.
22] K. Segerdahl, J.E. Svensson, M. Halvarsson, I. Pans, L.G. Johansson, Mater.

High Temperatures 22 (1/2) (2005) 69.
23] C. Wagner, J. Electrochem. Soc. 99 (1952) 369.
24] A.N. Hansson, M.A.J. Somers, Mater. High temperatures 22 (3/4) (2005)

223.
25] L. Antoni, J.M. Herbelin, Proceedings of EFC Workshop, vol. 27, European

Federation of Corrosion Publications, Frankfurt, 1999, p. 187.
26] F. Riffard, H. Buscail, E. Caudron, R. Cueff, C. Issartel, S. Perrier, Appl.

Surf. Sci. 252 (2006) 3697.
27] S. Henry, Doctor Thesis, INP Grenoble, France, 2000.
28] C. Wagner, Z. Phys. Chem. B21 (1933) 25.
29] A.C.S. Sabioni, B. Lesage, A.M. Huntz, J.C. Pivin, C. Monty, Phil. Mag.

A 66 (3) (1992) 333.

30] S.C. Tsaı̈, Doctor Thesis, University Paris-XI, Orsay, France, 1996;

S.C. Tsaı̈, A.M. Huntz, C. Dolin, Mater. Sci. Eng. A 212 (1996) 6.
31] E.W. Hart, Acta Metall. 5 (1957) 597.
32] A.C.S. Sabioni, A.M. Huntz, J. Philibert, B. Lesage, C. Monty, J. Mater.

Sci. 27 (1992) 4782.


	Oxidation of AISI 304 and AISI 439 stainless steels
	Introduction
	Materials and experiments
	Results
	Thermogravimetry (TG)
	Microstructure and composition: SEM observations and EDX analyses
	Structure characterisation by grazing XRD
	X photoelectron spectroscopy

	Discussion
	Kinetic aspect
	Effect of the atmosphere on the oxidation mechanism and high temperature resistance
	Comparison of the two steels
	Oxidation mechanism

	Conclusions
	References




