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The high temperature oxidation behavior of two ferritic stainless steels type AISI 430A and AISI 430E is
examined at low oxygen pressure and high temperatures. The AISI 430A steel is ferritic up to 860 °C. Above this
temperature, this steel is bi-phased: presence of austenite and ferrite phases. The 430E steel is stabilized with Nb,
and is ferritic at all temperatures. The oxidation experiments were performed in a thermobalance SETARAM
TGDTA 92, in the range of 850-950 °C, in Ar/H,/H,O atmosphere, under oxygen partial pressures lower than
1.3 x 107" atm. The microstructure and the composition of the oxide scales were analysed by scanning electronic
microscopy (SEM) and energy dispersive spectroscopy (EDS). Different oxidation behaviors in AISI 430A and
AISI 430E stainless steels were observed. At 850 °C, the oxidation of the 430A steel is greater than that of the
430E steel, but above 900 °C the oxidation of the 430A steels is lower than that of the 430E steel. The oxidation
rate of the 430A steel shows low dependence on temperature, while the oxidation of the 430E follows an Arrhenius
law, with an activation energy corresponding to the chromia scale growth.
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1. Introduction

Austenitic stainless steels are traditionally used for industrial
applications at high temperatures. However, they have been pro-
gressively replaced by ferritic stainless steels of lower cost, due to
the absence of nickel'. Therefore, it is important to characterize the
oxidation behavior of ferritic stainless steels at high temperatures in
different partial oxygen pressures. In many applications of stainless
steels at high temperatures, such steels are subjected to aggressive hot
gases in which the oxygen partial pressure is very low. The oxygen
partial pressure of the atmosphere may affects not only the oxidation
kinetics, but also the nature of the oxide film and, as a consequence,
the chemical and physical properties of the oxide scale grown on
the stainless steels. Previous studies on oxidation of the AISI 304
and AISI 439 stainless steels showed that the oxidation kinetics of
the AISI 439 ferritic steel do not significantly depend on the oxygen
pressure, while the oxidation kinetics of the AISI 304 austenitic
steel significantly varies with the oxygen pressure'?. Under very
low oxygen pressures, in an Ar/H,/H,O atmosphere, as used in the
present work, the AISI 304 austenitic steel presents higher oxidation
resistance than the AISI 439 ferritic steel in the temperature range
of 850 to 950 °C '2 In this work, the high temperature oxidation
behavior of two ferritic stainless steels, type AISI 430A and AISI
430E, are examined at low oxygen pressure and high temperatures.
The AISI 430A steel is ferritic up to 860 °C. Above this temperature,
this steel has a partial ferrite to austenite phase transformation, and
is then bi-phased: presence of austenite and ferrite®. The 430E steel
is stabilized with Nb, and is ferritic at all temperatures®. The results
obtained for the oxidation of the 430A and 430E steels are discussed
and compared to the oxidation behavior of the AISI 439 ferritic stain-
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less steel stabilized with Ti and Nb, designed for industrial applica-
tions at high temperatures, and for which the oxidation behavior in
Ar/H,/H,0O atmosphere is known'?.

2. Experimental

The AISI 430A and AISI 430E ferritic stainless steels were
supplied by Arcelor Mittal Timéteo. The chemical analyses of these
steels are given in Table 1. The samples were cut with the dimen-
sions of 10 X 10 x 0.6 mm. A hole of 0.8 mm in diameter was drilled
near an edge at the center of the sample in order to hang the sample
in the thermobalance by means of a platinum wire. The samples
were grinded with 1100 and 1200 SiC paper, and then polished with
diamond paste of 3 and 1 um. The polished samples were submitted
to oxidation treatments in a thermobalance SETARAM TGDTA 92,
whose sensibility is equal to £1 pg. The oxidation isothermal treat-
ments were performed at 850, 900 and 950 °C, in Ar/H,/H,0 at-
mospheres, for 50 hours. This atmosphere was obtained by passing
Ar/H, mixture through a cryostat at —60 °C, in which an H,O vapour
pressure is maintained at 5.26 X 10 atm. Then, an equilibrium,
H,+ 1/20, 4> H,0, is established in the furnace that leads to very low
oxygen partial pressures of 1.46 x 107" atm at 850 °C, 1.38 x 107"
atm at 900 °C, and 1.3 x 107'® atm at 950 °C. The growth kinectics of
the oxide scales formed on the steels were established from thermo-
gravimetric analyses by measuring the mass gain per unit area (AM/S)
versus oxidation time (t). The microstructure and the composition of
the oxide scales were analysed by scanning electronic microscopy
(SEM) and energy dispersive spectroscopy (EDS).
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3. Results

3.1. Oxidation kinetics

Figures 1 and 2 show the thermogravimetric analyses of the AISI
430A and AISI 430E stainless steels, respectively, after oxidation at
850, 900 and 950 °C, in Ar/Hz/HZO, for 50 hours. It is worth noting
that for the AISI 430A steel the oxidation rate at 850 °C is greater
than that at 900 °C after an oxidation time of 5200 seconds. This
surprising behavior of the 430A steel may be due to a phase trans-
formation at ca. 860 °C of the ferritic structure into ferritic/austenitic
biphased structure.

Table 1. Chemical composition of the 430A and 430E Stainless Steels
(wt. (%)).
Stainless
steel
430A 0.05 0.40 0.35
430E 0.02 0.18 0.30
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Figure 1. Thermogravimetric analysis for the oxidation of the 430A steel
in Ar/H,/H,0.
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Figure 2. Thermogravimetric analysis for the oxidation of the 430E steel in
Ar/H,/H,0.
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In all cases, a linear relationship between (AM/S)?, the mass
variation per surface unit, and the oxidation time (t) is practically
observed, at least in a second stage. It means that, for the experimental
conditions used in this work, the oxidation kinetics follow a parabolic
law, given by (AM/S)? = kop + kpt, where kp is the parabolic oxidation
constant, and kop is a constant. A parabolic law cannot be observed at
t =0 as it would correspond to an infinite oxidation rate. Thus, there
is always a first stage, which is more or less long, in the oxidation
kinetics. Another explanation for the deviation of the experimental
curves from the theoretical fittings, in the initial stage of the oxidation,
is that a complete law may be obtained due to the superimposition
of a linear law and a parabolic one; after some time, the linear term
becomes negligible compared to the parabolic one. So, in all cases,
the parabolic oxidation constant deduced from the second stage can
be considered as available.

When the oxide growth follows a parabolic law, the oxidation
kinetics is controlled by oxygen and/or cation diffusion through the
oxide scale*. In this case, the parabolic constant may be defined as a
function of the inward oxygen diffusion and of the outward chromium
(or iron) diffusion through the scale by using the Wagner s theory for
metal oxidation®. The parabolic oxidation constants were determined
by fitting the relationship AM/S = (k  +k 1), by non-linear regres-
sion, to the experimental data of AM/S versus t of the plots of the
Figures 1 and 2, where the fitted curves are also shown. The obtained
kp values from plots of Figures 1 and 2 are listed in Table 2.

3.2. Microstructure and composition of the oxide scales

On both steels and after oxidation for 50 hours at all temperatures,
a continuous oxide film is formed on the 430A and 430E stainless
steels. In the temperature range and oxygen partial pressure used in
this work, chromia is thermodynamically stable, while iron oxide is
unstable®. Consequently, chromium should be the major component
of the oxide scale grown by oxidation. EDS analysis confirmed
chromium as the major component of the oxide scale. Some Mn
and Fe were also observed on the oxidized surface for both steels.
Nb was not detected by EDS on the oxide films formed on the 430E
steel. Figures 3a,c and Figures 4a,c show the microstructures of
the oxidized surfaces and the EDS analysis for the 430A and 430E
steels, respectively. It can be noticed that the microstructure of the
oxide formed on AISI 430A at 850 °C is similar to that obtained
at 950 °C, while the morphology of the oxide formed at 900 °C is
somewhat different.

4. Discussion

For both steels and at all tested temperatures, the oxide film
is mainly constituted of chromia, which is in agreement with the
values of the parabolic oxidation constants given in Table 2 when
compared to literature data®®. Figure 5 shows a comparison between
the parabolic oxidation constants for the 430A and 430E steels
and the parabolic oxidation constant of the 439 ferritic stainless
steel previously studied by the authors®. As mentioned above, for
the 430A steel there is an apparent anomaly probably due to the

Table 2. Parabolic oxidation constants.

T (°C) Kk (gZcm™s™)
430A steel 430E steel
850 1.9x 101 5.6 x 10
900 1.5x 101 24 x 10"
950 2.3 x 101 53x 1018
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Figure 3. Microstructure and EDS analyses of the oxide films grown on the 430A steel.

phase transformation of these steel at about 860 °C, which may be
responsible for the small variation of the k values between 850 and
950 °C. Indeed, at 850 °C, the AISI 430A structure is ferritic and
consequently the cation diffusion coefficients in the steel are faster
than in an austenitic (or biphased) structure which is obtained at
900 and 950 °C". Consequently, the chromium atom fluxes are greater
and the chromia film growth is faster. This is confirmed by the fact

that the microstructure obtained at 850 °C is similar to that obtained
at 950 °C. On the other hand, the kp of the 430E steel depends on
the temperature according to the Arrhenius equation: k, (gZems™) =
5.9 x 10%exp [-258 (kJ/mol)/RT]. The activation energy of 258 kJ.
mol™ is similar to that of 251 kJ.mol™ observed for the parabolic
oxidation constant of the 439 stainless steel?, and corresponds to
the value given in literature for chromia scale growth*S. It is worth
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Figure 4. Microstructure and EDS analyses of the oxide films grown on the 430E steel.

noting that, at each temperature, there is a given oxygen partial
pressure value. Our feeling is that the effect of the oxygen partial
pressure on the oxidation constant, between pO, = 1.46 x 10 and
1.3 x 1078 atm, should be negligible. Indeed, in previous studies'?,
it was observed that the oxidation constant of the AISI 439 ferritic
steel did not practically show significant variation with the oxygen
pressure for the extreme values of 1 atm and 1.46 x 10 atm. In ad-

dition, other studies® show that the oxygen and chromium diffusivities
in Cr,0, do not depend on the oxygen pressure. As a general case,
the 430A and 430E stainless steel are used for applications at low
or room temperature, and the knowledge of their oxidation kinetics
at high temperatures is particularly important in the field of the hot
rolling. On the other hand, the 439 steel has been used for replacing
the 304 austenitic stainless steel for industrial applications at high
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temperature as, for instance, in exhaust line systems, in presence of
low oxygen pressure gas'. According to Figure 5, the 430A and 430E
stainless steels have higher oxidation resistance than the 439 stainless
steel in Ar/H,/H,O atmosphere, i.e., in low oxygen pressure, at high
temperatures. In spite of the particular behavior of the AISI 430A,
its oxidation rate takes place in a limited range as compared to the
oxidation rate of the 430E steel as shown in Figure 6.
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Figure 5. Arrhenius plot of the parabolic oxidation constants of 430A, 430E
and 439 steels in Ar/H,/H,0.
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Figure 6. Comparison of the mass gains as a function of time for the 430A
and 430E steels oxidized at 850, 900 and 950°C in Ar/Hz/HzO.
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For the oxygen pressure established in the Ar/H,/H,O gas mixture,
iron oxide is thermodynamically unstable, while chromia is stable.
Therefore, chromia can grow and it is the major oxide formed by the
oxidation of these steels in Ar/H,/H,O, which was confirmed by EDS
analyses in both steels. Min and Fe were also detected by EDS analyses
of oxidized surface of both steels. Traces of Si were also observed
mainly in the film grown on the 430A steel. The oxide scale formed
on the 430A steel was continuous and homogeneous. Preferential
oxidation at the grain boundary of the metallic substrate was observed
at 900 °C, as shown in Figure 3b. This is due to the fact that with a
ferritic-austenitic structure, as mentioned before, the diffusivities of
Cr, and other transition metals, in the substrate are slower than with
a ferritic structure. Thus, grain boundaries in the substrate provide a
greater chromium flux than in the bulk, which leads to a preferential
oxidation along substrate grain boundaries.

The oxide scale formed on the 430E steel was also continuous, but
with spherical particles of about 2-4 um in diameter dispersed on the
oxide scale (Figures 4a,c and Figures 7a,b). The chemical analyses

x2,000 10 um

20 kW x15,000

10 um
(b)

Figure 7. a) Spherical particles dispersed on the oxide film grown on the
430E steel after oxidation at 950 °C, for 50 hours. b) Whiskers emanating
from the particle.
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by EDS showed that the composition of these particles was similar to
that of the oxide scale. For oxide film formed on the 430E steel, the
higher the temperature, the higher the Cr content. The Mn content in
the oxide scale increased with increasing temperature for the 430E
steel. On the other hand, the Fe content was progressively reduced
with increasing temperature, which indicates that the detected iron is
preferentially coming from the substrate, due to the small thickness
of the oxide film. In some points analyzed only Cr and Mn were
found (Figure 4c), which suggests the formation of MnCr,O, spinel
particles on the outer surface.

For the 430A steel, Cr was the major component, and similar Mn
and Fe contents were observed approximately in the same proportions
at all temperatures. The presence of Mn on chromia forming alloys
was recently discussed by Sabioni et al.’. Based on their study of Mn
diffusion in chromia films, they suggested that Mn-rich particles on
the outer surface results from the initial oxidation, due to the fact that
manganese affinity for oxygen is greater than chromium affinity. This
is followed, on a second stage, by manganese ion diffusion through
chromia towards the outer surface of the scale. The amount of Mn on
the top of the film is limited by the small amount of Mn in the steel,
compared to chromium content, and may form a spinel oxide. The
authors have shown that chromia does not act as a barrier for iron
diffusion'’. Therefore, the iron found in the film can be due either to
the iron diffusion from the metallic substrate into the chromia film,
or to iron detected in the substrate.

5. Conclusions

The oxidation experiments of the 430A and 430E ferritic stainless
steels in the range of 850-950 °C in Ar/H,/H,O atmosphere, under
oxygen partial pressures lower than 1.3 x 10°'® atm, show different
oxidation behaviors. The oxidation rate of the 430A steel shows low
dependence on temperature, while the oxidation of the 430E follows
an Arrhenius law, with an activation energy corresponding to the
chromia scale growth. At 850 °C, the oxidation of the 430A steel is
greater than that of the 430E steel, but above 900 °C the oxidation of
the 430A steels is lower than that of the 430E steel. This particular
behavior for the 430A is associated to its phase transformation at
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860 °C. In the experimental conditions used in this work, the 430A
and 430E steels are more resistant to the oxidation than the 439 ferritic
steel, which is usually designed for high temperature applications.
No particular role of the Nb on the oxidation of the 430E steel was
observed.
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