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ARTICLE INFO ABSTRACT

Keywords: In this investigation the oxidation behavior of AISI 441 stainless steel (SS) in the range from
AISI 441 850 °C to 950 °C was determined during 50 h in two different atmospheres: (a) synthetic air in a
Stainless steel tubular oven; (b) argon with 1 ppm of O, in a thermal balance. The oxidation kinetics was de-

Synthetic air
Oxidation
Argon

termined from the measured mass change as a function of oxidation time. Examination of the
microstructure of the oxides and determination of their chemical composition were performed by
using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and
glancing angle X-ray diffraction (GAXRD). Chemical analyses showed that films formed on the
AISI 441 steel surface consisted mostly of chromium oxide but manganese, iron, titanium and
silicon oxides were found in the oxidized layer. In synthetic air, the steel oxidation rate increased
gradually as the temperature increased, but in the argon atmosphere with 1 ppm of oxygen, the
highest oxidation rate was observed at 900 °C and the lowest at 950 °C.

1. Introduction

Many studies have reported the oxidation behavior of AISI 441 ferritic stainless steel. However, published data about oxide layer
growth on AISI 441 at high temperatures is scarce. Salgado et al. [1] studied the cyclic oxidation resistance of AISI 439 and AISI 441
ferritic stainless steels (FSS) at a temperature typically encountered in a muffler (300 °C). High purity inert gases are commonly used
as protective atmospheres in heat treatment or thermo-mechanical treatment of steels. The atmosphere is inert, so the steel surface
will emerge shiny and no subsequent pickling is required. These processes are called Bright Annealing. Nevertheless, sometimes some
undesirable and unexpected oxidation of the steel has been reported. This is due to traces of oxygen in the inert gas that normally
should be insufficient to cause appreciable oxidation. The gas can contain very low amounts of oxygen, for example 1 ppm (1 volume
part per million), but it is still sufficient to promote marked oxidation of the steel, which can sometimes be more than that in air, at
the same temperature, as shown by Sabioni et al. [2]. Industrial applications of this work are the coil annealing of steels in presence of
refractory which is the source of oxygen in the steel annealing, and in automotive mufflers (hot end).

The growth kinetics and composition of the oxide films formed on the AISI 409 steel surface in the temperature range from 850 °C
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to 950 °C in synthetic air containing 20 wt% of O, was recently studied [3]. Chemical analysis indicated that chromium is the main
element in the oxide film formed at 850 °C. Other alloying elements such as silicon and titanium are found in small amounts in the
oxide film formed up to 900 °C. The oxidation rate increased as the temperature increased.

Salgado et al. [4] studied the high temperature oxidation behavior of AISI 430A and AISI 430E ferritic stainless steels (FSS) at low
oxygen pressures and high temperatures. The AISI 430A steel is ferritic up to 860 °C. Above this temperature, this steel is biphasic
with austenite and ferrite. The 430E steel is stabilized with niobium and is ferritic at all temperatures. The oxidation behaviors of AISI
430A and AISI 430E SS were different. At 850 °C, the oxidation rate of the 430A steel is higher than the rate of 430E steel, but above
900 °C the oxidation rate of the 430A steel is lower than that of the 430E steel.

The phenomenon of chromium vaporization from chromium alloys exposed to high temperatures is well known. The extent of
chromium vaporization of AISI 441, AISI 430 and Mn—Co spinel coated AISI 441 and AISI 430 coated was measured in an atmosphere
of 5% H,0 in O, over the temperature range 650-900 °C [5]. Among the uncoated steels, the AISI 441 FSS showed a lower chromium
vaporization rate compared with the AISI 430. The Mn—Co spinel coating reduced chromium vaporization rate from the AISI 430
surface. However, in contrast, the Mn—Co spinel coating on AISI 441 not only failed to suppress chromium vaporization but increased
it.

Nodule formation during the initial stages of oxidation of the AISI 441 at 800 °C in a 5% H,0 in O, atmosphere was studied [6].
The oxide scale consisted of a (Mn,Cr)304 spinel top layer and a Cr,O; rich sub-layer alongside oxide nodules growing in places.
These nodules with sizes in the micrometer range were studied by using FIB tomography. This study revealed a complex structure and
that nodule development is strongly linked to the presence of niobium and/or titanium compound(s) in the substrate.

This study reports the effect of traces of oxygen in the inert gas on the oxidation behavior of AISI 441 FSS. The AISI 441 is a ferritic
stainless steel at all temperatures [4]. Previous studies about steel oxidation at high temperatures in the range 850-950 °C and at low
oxygen pressures have been considered for comparison [2-4,7-9]. The parabolic oxidation kinetics of the AISI 441 steel and the
presence of Cr as a major metallic component indicate that the growth rate of the protective chromia layer formed on the steel surface
should be controlled by cation and/or oxygen ion diffusion through the scale layer [10].

2. Materials and methods

The AISI 441 FSS was supplied by APERAM South America. The chemical composition of the steel, shown in Table 1, was
provided by the manufacturer.

Samples 10 x 10 x 0.6 mm were cut and ground with 1100, 1200 and 2000 grade SiC paper, and then polished with 3 and 1 pm
diamond paste. The oxidation studies were performed in a tubular furnace at 850 °C, 900 °C and 950 °C, in a dynamic atmosphere of
synthetic air, for 2, 4, 8, 16, 32 and 50 h to grow a chromia layer on the polished surface of the steel and in a SETARAM TGDTA 92
thermo-balance, with sensitivity of = 1 um in the range from 850 °C to 950 °C during 50 h in a dynamic atmosphere of argon with
1 ppm of oxygen, maintained under total pressure of 1 atm. The partial pressure of oxygen in Ar + 1 ppm O, was considered to be
equal to 10~ ®atm and in air, 0.21 atm.

The oxidation kinetic was established by measuring the mass gain per unit area (DM/S), where DM is the mass variation, and S is
the area of the sample, as a function of oxidation time (t). The microstructures of the oxide films were examined by using the scanning
electron microscopy (SEM), and the chemical composition was determined by the energy dispersive X-ray spectroscopy (EDS). Phase
analysis was performed by using the Grazing X-ray diffraction (XRD) with 8 KeV energy.

3. Results
3.1. Oxidation kinetics

The values of mass gain per unit area (AM/S) as a function of oxidation time (t) were obtained. The maximum error associated
with the mass gain measurements was 10%. The average mass gain error was 7%. The curves of mass gain as a function of duration of
oxidation carried out in a tubular oven at 850 °C, 900 °C and 950 °C in synthetic air are shown in Figs. 1 and 2. Figs. 3 and 4 show the
oxidation behavior of the steel at 850 °C, 900 °C and 950 °C, in argon atmosphere with 1 ppm of oxygen for 50 h, as determined in a
thermal balance. Comparison of the oxidation behavior in air and in argon atmosphere is shown in Fig. 5.

Oxidation follows parabolic kinetics, indicating that oxidation was controlled by cation diffusion and/or by oxygen through the
oxide film [10]. According to the Wagner theory of oxidation, oxide layers grow from the metal substrate outward and from the outer
oxide film inward. The metal cations and electrons, which are produced at the metal/oxide interface, diffuse outward through the
oxide layer. Oxygen is reduced to O> anions at the atmosphere/oxide interface and the anions diffuse towards the oxide/metal
interface [11].

In air, the oxidation rate of the AISI 441 FSS increased as the temperature increased (Fig. 1). In argon with 1 ppm of oxygen, the

Table 1
Chemical composition of the AISI 441 FSS (wt%).
Steel C Mn Si P Nb S Cr Ni Ti
441 0.03 1.00 1.00 0.04 0.3-1.00 0.015 17.5-18.5 0.50 0.10-0.60
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Fig. 1. Mass gain of AISI 441 at 850 °C, 900 °C and 950 °C in synthetic air.
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Fig. 2. Parabolic constant of AISI 441 at 850 °C, 900 °C and 950 °C in synthetic air.

oxidation rate decreased as the temperature increased (Fig. 3). The oxidation rate of the AISI 441 FSS is higher in argon with 1 ppm of

oxygen than in synthetic air (Fig. 5).
The parabolic kinetics during oxidation are described by the ratio: (DM/S)? = kpt + ko, where “kp” is the parabolic oxidation
rate constant and “ko” is a constant. The “kp” constant was established from graphs of (AM/S)? as a function of time (Figs. 2 and 4).
When oxidation kinetics follow a parabolic law, the graph of (AM/S)? as a function of the oxidation time (t) is a straight line,
wherein the angular coefficient is the parabolic rate constant, “kp”. The parabolic constant values are shown in Table 2.

3.2. Microstructure of the oxide films

Fig. 6 shows a random distribution of oxides on the surface of the AISI 441 FSS. Oxide nodules nucleated with a specific or-
ientation following the risks of polishing on the surface of oxidized steel at 900 °C as shown in Fig. 7. Fig. 8 shows more oxide nodules
in the volume of the grains and at the grain boundaries on the surface of AISI 441 FSS oxidized at 950 °C. The oxide nodules were
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Fig. 3. Mass gain of AISI 441 at 850 °C, 900 °C and 950 °C in argon atmosphere with 1 ppm of oxygen.
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Fig. 4. Parabolic constant of AISI 441 at 850 °C, 900 °C and 950 °C in argon atmosphere with 1 ppm of oxygen.

indicated in Figs. 6 to 8 by arrows.
The samples oxidized in argon with 1 ppm of oxygen showed prismatic shaped oxides on their surfaces and their crystal size

decreased as the temperature increased as shown in Figs. 9, 10 and 11.

3.3. Chemical composition of oxide films

3.3.1. EDS results of oxide films
Fig. 12 shows the oxidized surface of the AISI 441 FSS at 850 °C in argon with 1 ppm of oxygen atmosphere. The EDS spectra

shown in Figs. 13 and 14 correspond to the points 1 and 2 in Fig. 12. The results obtained at 850 °C are similar to the results observed
on samples oxidized at 900 °C and 950 °C. EDS analysis shows chromium as the main metallic element in the oxide films formed under
all experimental conditions. Lower contents of Mn, Ti, Fe and Si were also identified in the oxide films.

Fig. 15 shows the scanning electron micrograph of the surface of the AISI 441 sample oxidized at 950 °C in synthetic air. The EDS
results indicate chromium as the main metallic element in the oxide layer in one region (named as 7 and 8 in Fig. 15) and in another
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Fig. 5. Mass gain of AISI 441 in argon with 1 ppm of oxygen and in synthetic air.
Table 2

Parabolic constants, “kp” (g2/cm4s), after isothermal oxidation of the AISI 441 FSS for 50h in

synthetic air and argon with 1 ppm of oxygen.

“kp” (gcm~*s~1) - AISI 441 Stainless steel

Temperature (°C) Synthetic air Argon + 1 ppm O,
850 9.7 x 10713 1.6 x 107°
900 1.7 x 10712 8.9 x 1071
950 6.0 x 10~ 2 7.4 x 1071

Fig. 6. Scanning electron micrograph of AISI 441 oxidized at 850 °C in synthetic air.

region where spalling of oxide probably occurred (object 5 and 6 in Fig. 15), iron as the main metallic element. Mn, Ti, Si were also

identified in the oxide layer.

3.3.2. XRD results of the oxide film

The spectra obtained by Grazing Angle X-ray Diffraction (GAXRD) are shown in Figs. 16, 17 and 18 showing the oxides formed on
the steel surface in argon with 1 ppm of oxygen. The main oxide found on the 441 SS surface oxidized at 850 °C was the MnCr,04
spinel, and the main oxide identified on the surface of the AISI 441 SS oxidized at 900 °C was a titanium, chromium and niobium
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Fig. 9. FEG micrograph of surface of the AISI 441 oxidized at 850 °C in argon with 1 ppm of oxygen.

oxide, Ti4CroNb,04. The Cr,03 was identified as the main oxide formed after oxidation of AISI 441 SS at 950 °C.

The oxides formed after oxidation of the AISI 441 FSS in an atmosphere of argon with 1 ppm oxygen at 850 °C were MnCr,04,
Cr,03 and CroPgO;5. At 900 °C, the TisCroNb,yOy, Cro0O3, MnySiOy, SiO,, and CrsNbsC phases were identified. At 950 °C, the com-
pounds found on the surface of the AISI 441 FSS oxidized in argon with 1 ppm of oxygen were Cr;03, Mn,SiOy, SiO,, CrsNbsC, CrsCs.
In an atmosphere of argon with 1 ppm of oxygen, the lowest mass gain was obtained for the sample oxidized at 950 °C and at this
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Fig. 11. FEG micrograph of surface of the AISI 441 FSS oxidized at 950 °C in argon with 1 ppm of oxygen.

850C(2)

Fig. 12. Oxidized surface of the AISI 441 steel at 850 °C in argon with 1 ppm of oxygen.

temperature, the main oxide identified by using GAXRD was the protective oxide of Cr,0s.

Analysis by Grazing Angle X-ray Diffraction (GAXRD) showed that phases in oxide films formed in synthetic air, in the tem-
perature range from 850 °C to 950 °C, are spinels of chromium, manganese and iron with chromium oxide being the main constituent.
In argon atmosphere with low oxygen content, the main phases that were identified in the oxide layer on the surface of the AISI 441
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Fig. 13. EDS spectrum of point 1 on the surface of the 441 FSS at 850 °C in argon with 1 ppm of oxygen.
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Fig. 15. SEM micrograph of the surface of the AISI 441 FSS at 950 °C in synthetic air showing chromium rich regions (7 and 8) and iron rich regions

(5 and 6 inside a central crater).
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Fig. 16. Diffractogram of surface of AISI 441 oxidized at 850 °C in argon with 1 ppm of oxygen.
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Fig. 17. Diffractogram of surface of AISI 441 oxidized at 900 °C in argon with 1 ppm of oxygen.

FSS are MnCr,04 spinel in sample oxidized at 850 °C, Ti4CroNb,O,4 and Mn,SiO, in sample oxidized at 900 °C and Cr,O3 in sample
oxidized at 950 °C.

4. Discussion
4.1. Comparison of oxidation kinetics of AISI 441 steel

The oxidation behavior of AISI 441 FSS in synthetic air and in argon +1 ppm O,, in the range from 850 °C to 950 °C is shown in
Figs. 1 to 5. Figs. 1, 2 and 3 correspond to oxidation in synthetic air wherein AISI 441 FSS exhibited a gradual increase in mass gain as
the temperature increased. This was in the range of parabolic oxidation, similar to that determined at the same temperature for oxide
growth [2,3]. In synthetic air, the mass gain per unit area increased as the temperature increased as shown in Fig. 1. The oxidation
rate increases with temperature according to the Arrhenius equation [11]. The main oxide formed is the chromium oxide, a p-type
semiconductor, which increases the oxidation rate as the temperature increases. The chromium oxide is a protective oxide which
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Fig. 18. Diffractogram of surface of AISI 441 oxidized at 950 °C in argon with 1 ppm of oxygen.

presents a Pilling-Bedworth ratio of 2.07, indicating the formation of a compact, uniform layer covering the metal surface. However,
the Pilling-Bedworth ratio is only one factor in determining the oxidation resistance of metals at high temperatures. The properties
required for the oxide to be protective are a low vapor pressure, a high melting point, a good adherence to the substrate, good high-
temperature plasticity, low electrical conductivity, a coefficient of expansion approximately equal to that of the metal, and a Pilling-
Bedworth ratio of approximately one.

In the atmosphere of argon with 1 ppm of oxygen, in the temperature range from 850 °C to 950 °C, the oxidation kinetics exhibited
two different rates of mass gain. Initially, a higher mass gain rate and then the oxidation rate decreased to being constant over time.
The second oxidation rate decreased as the temperature decreased. However, for the lowest temperature, although the oxidation
progressed less over time, the mass gain per area was the highest. The oxides formed at 850 °C and 900 °C were mainly those of
manganese, titanium and niobium, all n-type semiconductors. It is well known that for n-type semiconductors, the mass gain per area
increases as the oxygen pressure decreases [11]. The dependence of the parabolic rate constant with oxygen pressure is P(O,) /® or P
(05) "V* if the semiconductor is n-type with interstitial cations or anion vacancies [11]. The main oxide formed at 950 °C in the
atmosphere of argon with 1 ppm of oxygen is chromium dioxide which is a p-type semiconductor with cation vacancies. In this case,
the dependence of parabolic rate constant with oxygen pressure is P(05)/® or P(0,)'/# [11]. At lower oxygen pressures, the parabolic
constant and the oxidation rate are lower for chromia at 950 °C. Thus, as shown in Fig. 5, in argon with 1 ppm of O,, the mass gain per
unit area at 850 °C and 900 °C are higher than the mass gain per unit area at 950 °C, after 50 h of oxidation. This behavior was
observed previously during oxidation of AISI 430A steel in Ar-H,-H,0 atmosphere with a low oxygen partial pressure [4]. However,
at 950 °C the mass gain continued to increase after 50 h of oxidation while, at the lowest temperature, the mass gain remained almost
constant after the initial mass gain. The rate of mass gain increased with increasing temperature. At 900 °C, a clear tendency for
nucleation of oxides was observed and these followed a specific orientation, mainly at polishing risks, as already reported in the
literature [12].

An explanation for the lower mass gain of AISI 441 steel in synthetic air would be volatilization of chromium oxide although the
volatilization occurs mainly near 1000 °C. Appreciable volatilization occurred in oxygen, but none in argon. Fe,O3; showed volati-
lization in none of these atmospheres [13]. The evaporation occurs by oxidation of Cr,03 to gaseous CrO; which dissociates to Cr,O3
on redeposition [13]. Volatile Cr species are formed on the steel surface when oxygen and water vapor react with the Cr-rich surface
oxide. One volatile specie formed is CrO>(OH), [14]. However, in argon atmosphere with low oxygen content this reaction is
suppressed, the chromium oxide is not volatilized, and the mass gain is higher in argon with 1 ppm of oxygen than in air.

Figs. 3 to 5 show that oxidation caused by trace amounts of oxygen in the argon atmosphere does not work as a protective gas
against oxidation. On the basis of these results, it can be observed that argon gas with trace amounts of oxygen, as used in this study,
and under experimental conditions, also used in this study, does not function as a protective gas against oxidation.

4.2. Morphology and chemical composition of the oxide films

In synthetic air at 850 °C, the oxide films formed are dispersed grains. There is no significant difference in composition of the
equiaxial grains. The round shaped grains contain mainly Cr, Ti and Mn, corresponding to a spinel of MnCr,0,4 and TiO,. This
observation is in good agreement with [4-6]. EDS results showed that in the oxide film formed on the AISI 441 surface, the higher the
temperature the higher the Cr content. The Mn content in the oxide scale increased as the temperature increased. On the other hand,
the particle size increased progressively as the temperature increased, indicating that the detected (Mn,Cr);0,4 spinel was the top
layer [6]. At some of the points that were analyzed, only Cr and Mn were detected (Figs. 13-15), and this suggests the formation of
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MnCr;04 spinel particles on the outer surface. The presence of Mn on chromia forming alloys has been discussed by Sabioni et al.
[15]. The presence of Mn as a solute in the chromium oxide causes the decrease in oxidation rate according to the Hauffe rules [11].
On the basis of their study of Mn diffusion in chromia films, Sabioni et al. [15] suggested that Mn-rich particles on the outer surface
result from the initial oxidation, due to the higher affinity of manganese for oxygen than that of chromium. This is followed, in a
second stage, by manganese ion diffusion through chromia towards the outer surface of the scale. The amount of Mn in the surface of
the film is limited due to the low Mn content in the steel, compared to chromium. Chromium is the main metallic element in oxide
films, and Mn, Ti, and Fe oxides were also found. These four metallic elements are the constituents in the phases detected on oxide
films, as shown in item 3.3.2. According to the Hauffe rules of oxidation [11], the presence of a titanium as a solute in chromia
increases the defect concentration, the ionic diffusion, and the oxidation rate. Considering that chromium oxide does not act as a
barrier for diffusion of manganese and iron, ions of Mn and Fe from their oxides formed at the beginning of oxidation can be found
spread throughout the chromium oxide film, favoring the formation of phases containing manganese or iron, as observed by X-ray
diffraction.

In argon atmosphere with 1 ppm of oxygen, the main phases identified in the oxide layer on the surface of the AISI 441 oxidized at
850 °C were MnCr,0, spinel, Ti4CroNb>0O4 and Mn,SiO4 on samples oxidized at 900 °C and Cr,O3 on the surface of samples oxidized
at 950 °C. The presence of n-type semiconductors such as Mn, Ti, Nb oxides which contribute to a higher parabolic constant as the
oxygen pressure decreased, should explain the higher oxidation rate of AISI 441 in argon with a low oxygen content than in synthetic
air. Chromium and niobium carbides were also detected on the surface of AISI 441 oxidized at 950 °C. The presence of these carbides
could be contributing to increasing mass gain that was observed at 950 °C at the end of oxidation.

The presence of significant amounts of n-type semiconductors such as titanium, manganese, niobium oxides besides Fe,Os3,
contributes towards the high mass gain at low oxygen partial pressure at the lower temperatures. McCafferty [11] reported that the
parabolic rate constant increased as the partial pressure of oxygen decreased for n-type semiconductors. On AISI 441 oxidized at
950 °C in argon with 1 ppm of oxygen (Fig. 18), the main phase identified by XRD was chromia, which is a p-type semiconductor. In
this case, the parabolic rate constant increased as the oxygen partial pressure increased. Thus, the mass gain of the AISI 441 in argon
with 1 ppm oxygen was lower at 950 °C than that at 900 °C and this, even lower than that at 850 °C.

5. Conclusions

A comparative study of the oxidation behavior of ferritic stainless steel AISI 441 in argon containing 1 ppm of oxygen and in
synthetic air was carried out in the temperature range from 850 °C to 950 °C for 50 h.

Under all the experimental conditions, the oxide film growth on the AISI 441 followed a parabolic law.

The oxidation resistance of the AISI 441 FSS was higher in synthetic air than in argon with 1 ppm of oxygen, in the temperature
range from 850 °C to 950 °C. In synthetic air, after 50 h of oxidation, the mass gain per unit area of AISI 441 increased as the
temperature increased. In argon with 1 ppm of oxygen, the mass gain per unit area of AISI 441 after 50 h of oxidation increased as the
temperature decreased. In argon with 1 ppm of oxygen, in the initial stages, a higher mass gain rate was observed and then the
oxidation rate decreased and remained constant over time. The second oxidation rate decreased as the temperature decreased.

X-ray diffraction analysis of the oxide formed in argon atmosphere with 1 ppm of oxygen confirmed that: (a) Cr,Os is the main
phase in the oxide film formed at 950 °C; (b) the presence of mainly MnCr,O, spinel in the oxide film formed at 850 °C; (c) the main
presence of Ti4CroNb,O,4 and Mn,SiO, in the oxide film formed at 900 °C. In the oxide formed on the AISI 441 surface at 950 °C in
argon with 1 ppm of oxygen, chromium and niobium carbides were identified. The stabilizing elements such as Nb, Mn and Si,
present in very small amounts in the stainless steel, formed complex oxides. Analysis by Grazing Angle X-ray Diffraction (GAXRD)
showed that phases in oxide films formed in synthetic air, at 850 °C to 950 °C, were spinels of chromium, manganese and iron with
chromium oxide as the main phase. The Cr,O3 content in the oxide layer on oxidized AISI 441 FSS increased as the temperature
increased in atmospheres of argon with 1 ppm of oxygen and in synthetic air.
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