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The influence of pO5 on the base oxide formed on 304 L stainless steel has been investigated at 600 °C. The alloy
was exposed in 5%03-95%N2 and 10%H-20%H20-Ar atmospheres and the initial stages of oxidation were
analysed by TEM and EDX. In both environments, the thin scale consists of a Cr-rich oxide overlaid by a FeCrMn
oxide. However, the subscale formed in Hp-H30 is richer in Cr compared to the 5%03-95%N3 case (~90 cation%
and ~70 cation% respectively). The findings are in good agreement with thermodynamic calculations and can

explain breakaway oxidation of marginal chromia forming steels in Ha-H30.

1. Introduction

Chromia forming stainless steels such as 304 L are widely used in
high temperature applications due to their excellent oxidation/corro-
sion resistance. The high oxidation resistance relies on the formation of a
dense, adherent Cr-rich corundum type oxide scale acting as a barrier
separating the alloy from the oxidizing/corrosive environment [1-3].
The performance of such a layer in dry oxygen/air environments has
been shown to be satisfactory and protective, exhibiting slow growth
rate [2,4]. However, the environment and the alloy microstructure may
influence the necessary Cr content in the alloy for corrosion protection.

Water and/or hydrogen in the environment is well known to cause
breakaway oxidation of stainless steels [5-11]. Various explanations
have been suggested in order to explain oxidation in the presence of
water and/or hydrogen; for example Cr evaporation [12,13],
micro-crack formation [14], hydrogen ingress and faster oxygen diffu-
sion as OH™ [15]. Ehlers et al. [16] proposed that breakaway oxidation is
triggered by high H,0®/0, ratio and penetration of water vapor mol-
ecules through the scale; they suggested that H,0® molecules are
preferentially adsorbed on the surface, excluding oxygen, leading to a
gas-permeable non-protective oxide scale. The experimental findings in
Ehlers et al. [16] study were investigated in an atomistic molecular
dynamic modelling by Chialvo et al. [17] in which they suggested that at
the very early stages prior to the high temperature oxidation, H,O is
preferentially adsorbed and displaces oxygen at the metal-fluid
interface.
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At low pO; Cr evaporation is not valid and several mechanisms have
been suggested to explain the effect of water and/or hydrogen in low
oxygen partial pressure. Hansel et al. [7] suggested a linear combination
of Cr interstitials and Cr vacancies diffusion-induced mass transfer can
explain the scale growth in low pO, water and/or hydrogen containing
environments. Quadakkers et al. [4] proposed that the presence of H,O
and/or Hy changes the mass transport processes not only within the
oxide scale but also in the base alloy presumably by hydrogen ingress. As
a consequence of hydrogen ingress, inward diffusion of oxygen and
hence internal oxidation of Cr is promoted which leads to breakaway
oxidation. The change in transport process of oxygen to predominantly
inward diffusion at low pO2 was also reported by Zurek et al. [18].

The aim of the present paper is to investigate the initial oxidation of
the stainless steel 304 L in dry Oz and in Hy-H50 environment (low pO5)
prior to breakdown of the protective scale. The work involves a detailed
microstructural investigation of the oxide scales formed after breakaway
in different corrosive environments as well as thermodynamic equilib-
rium calculations.

2. Material and methods

In this work a 304 L stainless steel with the nominal composition
given in Table 1 has been investigated. 15 x 15 x 2 mm metal coupons
were cut and sanded down to P1000 SiC abrasive paper and thereafter
polished with 6 um, 3 um, and finally 1 um diamond suspension. Then,
the coupons were thoroughly washed with water and ultrasonically
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Table 1
Nominal composition of the 304 L stainless steel (weight %).

Fe Cr Ni Mn Si Mo N C

304 L Balance 18.18 8.1 1.53 0.31 0.53 0.07 0.022

cleaned in acetone and ethanol baths.

The high temperature oxidation exposures were conducted in a tube
furnace at 600 °C with flowing gas, at a rate of 200 ml/min, parallel to
the sample surface. Two exposure atmospheres were used in this study:

1. The low oxygen partial pressure environment with the gas mixture of
10% H2- 20% H20- Ar corresponding to an oxygen partial pressure
of approximately 10-24 bar (10-19 Pa). One sample was exposed in
this atmosphere for 1 hr and a mass gain of 0.17 mg/cm2 was
recorded.

2. The high oxygen partial pressure environment, 5% 0O2- 95% N2, at
which another sample was exposed for 24 h with a measured mass
gain of 0.02 mg/cm2.

Microstructural characterization of the thermally grown oxide scales
on the coupons after exposures were carried out by scanning electron
microscopy (SEM) plan view imaging as well as scanning transmission
electron microscopy (STEM) coupled with energy dispersive X-ray
spectroscopy (EDX). Electron transparent cross-sections of the samples
were prepared by focus ion beam (FIB) milling and in-situ lift-out
technique in an FEI Versa™ 3D DualBeam™ microscope. For this, the
carefully chosen regions of interest were protected against ion beam
damage by depositing two layers of Pt, using the microscope’s gas in-
jection system, before milling. An FEI Titan 80-300 microscope oper-
ating at 300 kV coupled with an INCA X-Sight Oxford Instrument
detector were used for scanning transmission electron microscopy
(STEM) and chemical analysis by Energy dispersive X-ray spectroscopy
(EDX). FEI TEM Imaging & Analysis (TIA) software was used for data
acquisition and post processing. The THERMO-CALC program [19,20]
with the database TCFE7 was employed for equilibrium thermodynamic
calculations.

3. Results

Fig. 1 shows a plan view SEM image of the sample acquired with
through-the-lens secondary electron (SE) detector of the sample exposed
to 5% Oy- 95% Ny for 24 h. The sample surface is covered with a thin
protective oxide. This is in line with the mass gain of 0.02 mg/cm?

Fig. 1. Plan view secondary electron SEM image of the sample exposed to 5%
05- 95% N, for 24 h.
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corresponding to a 110 nm calculated thickness assuming a dense
eskolaite (Cro03) layer. However, some regions are covered by a thicker
iron rich oxide (not shown).

Fig. 2 shows a STEM HAADF image of a cross-section of the sample
shown in Fig. 1 (5% O2- 95% N, for 24 h) taken from a region covered by
a thin protective scale. The oxide thickness varies from about 20 nm to
about 80 nm in the thicker regions/nodules. Voids were observed at the
metal-oxide interface, particularly near the grain boundary in the metal.

Fig. 3 shows the results from an STEM/EDX line-scan along the line
AC in Fig. 2. The scale is about 20 nm thick and has a Cr rich inner part
(about 70 at% cations) and an Fe rich outer part. Below the oxide scale,
an approximately 60 nm deep Cr-depleted region could be observed.
The Cr content drops to about 4-7 at%.

Fig. 4 shows a scanning electron microscopy (SEM) plan view image
of the Hy +H30 sample acquired by the through-the-lens secondary
electron (SE) detector. The plan view image shows two types of
morphology: 1- relatively thick oxide (indicative of breakaway oxida-
tion in good correlation with the mass gain) covering almost the entire
surface 2- Few isolated areas of about 20-30 um in size covered by thin
oxide. A cross-sectional sample for transmission electron microscopy
(TEM) was extracted from the marked rectangular area. The
morphology of the still thin protective scale is very similar to the
morphology formed in dry oxygen. The morphology of the thicker part
shows both grains and grain boundaries covered with oxide crystallites
of about 1-2 um in size; the grain boundaries seem to have a slightly
thicker oxide probably due to faster diffusion rates.

Fig. 5 shows a scanning transmission electron microscopy (STEM)
high angle annular dark field (HAADF) image of the cross-section
extracted from the area indicated in Fig. 4. On the right the thin pro-
tective oxide scale can be seen and towards the left one can notice
breakaway outward growing oxidation. The oxide thickness in the
protective area varies between 50 and 100 nm.

Fig. 6 shows the results from a STEM/EDX line-scan along the line AC
in Fig. 5. The scale is about 100 nm thick and has a Cr rich inner part
(about 95 at% cations) and an Fe rich outer part. The alloy in a 100 nm
region below the oxide scale is depleted in Cr. The content drops to
about 5 at% in this region.

Fig. 7 shows the results from a STEM/EDX line-scan along the line DF
in Fig. 5, i.e. a region covered by iron oxide. The scale is 140 nm thick
and has a Cr rich inner part (about 95 at% cations) and an Fe rich outer
part. The alloy in a 70 nm region below the oxide scale is excused in Cr.
The content drops to about 1 at% in this region.

4. Discussion

Chromia forming stainless steels such as the investigated 304 L steel

Pt for sample prep. Oxide

Voids at metal-oxide interface

Metal substrate

Grain boundary

Fig. 2. High angle annular dark field (HAADF) scanning transmission electron
microscope (STEM) image of the sample cross-section exposed to 5% O,- 95%
N, for 24 h (protective region).
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Fig. 3. Energy dispersive X-ray spectroscopy (EDX) line scan along the line AC
in Fig. 2.

Fig. 4. Plan view SE image of the sample exposed to 10% H2- 20% H20- Ar for
1 h; the marked area shows the region from which a lift-out cross section
sample was prepared for TEM analysis.

Outward growing oxide
Protective oxide

sample prep.

Voids at metal-oxide interface

Metal substrate

—— 500 nm

Fig. 5. High angle annular dark field (HAADF) scanning transmission electron
microscope (STEM) image of the sample cross-section exposed to 10% H2- 20%
H20- Ar for 1 h. The inset shows the breakaway and internal oxidation region
to the left.
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Fig. 6. Energy dispersive X-ray spectroscopy (EDX) line scan across the pro-
tective oxide (line AC in Fig. 5).
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Fig. 7. Energy dispersive X-ray spectroscopy (EDX) line scan along the line DF
in Fig. 5.

in the present study are well-known for their protective Cr-rich oxide
scale when exposed to high temperatures in dry oxygen or air atmo-
spheres [2,12,21,22]. There is a great amount of data in the literature on
the oxidation of chromia forming stainless steels in dry oxygen atmo-
spheres. Asteman et al. studied the oxidation behaviour of 304 L stain-
less steel both in dry and humid oxygen environments. Their gravimetry
data as well as top view SEM images showed the presence of a protective
scale after exposure to dry oxygen at 600 °C for up to 168 hr [12]. Tang
et al. [22] investigated the microstructure and composition of the oxide
scale formed on 304 L stainless’ steel after 168 hr exposure in dry ox-
ygen at 600 °C. They reported a Cr-rich (Cr,Fe,Mn);03 corundum type
oxide layer with a Cr concentration profile which drops from about 70
cation% close to the metal-oxide interface to 25-34 cation % close to the
gas-oxide interface. We also observed a protective oxide scale on 304 L
stainless steel oxidized in 5% O3- 95% Ny at 600 °C for 24 h (Figs. 1 and
2). The oxide thickness was between 20 and 60 nm and consisted of two
layers: 1- an iron-rich layer (about 48 cation % Fe) at the gas-oxide
interface and underneath that a Cr-rich layer (about 70 cation % Cr)
at the metal-oxide interface. This is in good agreement with the present
results (see Figs. 1 and 2). In addition, The scale is very slow growing
and has been shown to grow sub-parabolic/stepwise on both commer-
cial alloys as 304 L and FeCr model alloys [23]. Thus, the initially
formed Cr rich scale will remain protective in mild environments leaving
a Cr depleted alloy with about 5 at% Cr below the scale.

In humid atmospheres and/or low oxygen partial pressures the oxide
scale on chromia forming alloys is no longer protective and breakaway
oxidation occurs [5-11]. In a related work, our detailed scanning
transmission electron microscopy (STEM) analysis of the oxide scale
after breakaway revealed the presence of a thin (40-50 nm) Cr-rich
layer (about 55 cation % Cr and 45 cation % Fe) between the outward

1 In the work by Tang et al. a 18-10 304 L stainless steel was studied while in
the present study a 18-8 grade 304 L stainless steel is investigated
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growing Fe-oxide and internal oxide region, i.e. at the original
metal-oxide interface [24]. It is speculated that the Cr-rich layer is a
remnant of the oxide initially formed at the original metal-oxide inter-
face. The plan view SEM image in Fig. 4 shows that despite the very
short exposure time almost the entire surface of the sample is covered by
an iron oxide, i.e. breakaway oxidation. Only a few isolated islands such
as the one in the middle of Fig. 4 remain protective. The HAADF
cross-section image in Fig. 5 shows the transition from protective oxide
on the right to breakaway area on the left. On the far left of the image
characteristic features of breakaway oxidation in humid and/or low p
(O3) environments, i.e. thick outward growing oxide can be seen; also
further to the left internal oxidation was observed (inset in Fig. 5). These
microstructural features following breakaway oxidation are discussed in
detail in [25]. The focus of the present work is the protective oxide on
the right hand side of the micrograph.

The oxide scale in the protective region and its corresponding EDX
line scan (Fig. 5 and Fig. 6) reveal that the initial protective oxide
consists of two layers: 1- An approximately 30 nm thick Fe-rich oxide
(approximately 90 cation % Fe) on top, i.e. at the gas-oxide interface. 2-
A Cr-rich oxide (about 90 cation % Cr) with a thickness of about 60 nm.
The initial Cr-rich oxide formed in low p(O3) environment in the current
work is different from the Cr-rich oxide scale formed in dry oxygen re-
ported in the literature in a sense that it has a higher Cr content and is
considerably thicker. The values for the latter case is around 70 cation %
Cr after 24 hr oxidation, see Fig. 3. This is in good agreement with the
Fe-Cr-O phase diagram p(O2) dependence at 600 °C shown in Fig. 8.
According to this phase diagram, below a certain oxygen activity
(around 10~ bar (10° Pa)) the corundum stability phase boundary
follows a steep slope towards 100% Cr (marked by the arrow in Fig. 8).
This means that thermodynamically, only a very high Cr content
corundum is stable at such low oxygen activities. Hence, The scale
formed in high p(O5), i.e. (FexCry_x)203, remains stable with a Cr con-
tent of about 70%Cr while only very Cr-rich M3O3 (almost pure chro-
mia) is stable below a p(O3) of about 10~ bar (10~° Pa).

It is well known that pure eskolaite (CryO3) grows considerably faster

2015.05.21.14.48.17
TCFE7. FE, CR, 02
P=1.01325E5, T=873, N=1
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Fig. 8. Equilibrium phases in the Fe-Cr-O ternary system at 600 °C at different
oxygen activities and Cr mole fractions. The diagram was generated employing
the THERMO-CALC program with the TCFE7 database. C = corundum-type
M,03, S; = Fez_4CryOy4, S; = FeCry_Fe,04, W= Fe;_,0, BCC = ferritic metal.
The dotted line indicates the oxygen activity in dry O, (high pO,) and 10% Ha-
20% H50- Ar (low pOy).
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than a Cr-rich MyOj3 scale at 600 °C [23,26]. This is also supported by
the present results. The Cr-rich scale formed in low p(Oj) is about
50-100 nm after 1 h exposure while the scale formed at high p(O-) is
about 20-80 nm after 24 h exposure. The different growth rates of the
scales will generate a difference in Cr depletion beneath the scale
assuming the diffusivities of Cr do not change due to the atmospheres, as
proposed by Ani et al. [27]. A comparison of Cr-depletion depth in the
metal substrate and Cr content in the depletion zone between the two
above-mentioned environments is summarized in Table 2 (see below).

The scale formed in the low pOs environment contains a higher Cr
content resulting in a faster growth rate followed by a Cr depletion/
exhaustion in the alloy below the scale, see Table 2. It can be speculated
that the formation and growth of the initial Cr-rich (90 cation % Cr)
oxide scale depletes the substrate of Cr in the region close to metal-oxide
interface. Hence, there remains mostly iron in the substrate near the
metal-oxide interface which oxidizes and the resulting iron ions diffuse
through the chromia layer and form the iron oxide layer at the gas-oxide
interface. The Cr depletion depth and Cr content in depletion zone in the
1 hr sample in Hy +H20 and 24 hr sample in 5% O3- 95% N (see
Table 2) supports the mechanism.

The key point in the proposed breakaway mechanism in Hy +Hy0
environment is that the Cr content in the depletion zone, i.e. not in the
protective oxide scale, must drop below a critical value in order for the
breakaway to occur. This is supported by the EDX line-scan data in the
breakaway region of the sample exposed to Hy +H0 for 1 hr (Fig. 7).
Noticeable in this EDX line-scan is the drop of Cr content to about 1 at%
in the depletion zone in metal substrate which should be compared to
the corresponding value of 4.5-6 at% (Table 2) in the protective region
(Fig. 3 and Fig. 4). The drop to a critical Cr content may thereby be
linked to breakaway oxidation.

5. Conclusion

The oxide scales formed on 304 L stainless steel in H, +H20 and 5%
O,- 95% N environments was investigated by means of scanning
transmission electron microscopy (STEM) and energy dispersive X-ray
spectroscopy (EDX). The comparison between the two oxide scales
showed the followings:

1. The initial oxide formed in both environments consists of a Cr-rich
layer at the metal-oxide interface and a Fe-rich layer above it at
the oxide-gas interface.

2. The Crrich layer formed in Hy +H20 has higher Cr content
compared to the one formed in O3-N5 (about 90 cation % compared
to about 71 cation % respectively)

3. The Cr content in the alloy substrate depletion zone beneath break-
away oxidation in Hy +H20 drops down to 1 at%.

The above-mentioned observations are in good agreement with
thermodynamic calculations of phase stability dependence on pO;
within the Fe-Cr-O ternary system.
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Table 2
Cr depletion depth and Cr content in the depletion zone in metal substrate
beneath the protective Cr-rich oxide formed in different environments.

Cr depletion depth in
metal substrate (nm)

Cr content in the depletion
zone in substrate (at%)

Hy-H,O-1h About 120 45-6
(protective area)

H,-H,O-1h About 60 1
(Breakaway area)

5% O2—-24h About 55 6
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