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Cyclic oxidation of AISI 316L stainless steel —
influence of water vapour between 800 and
1000°C

H. Buscail*, R. Rolland and S. Perrier

At 800 and 900°C, 10 vol.-%H50 in air has little effect on the AlS| 316L stainless steel oxidation
under isothermal and cyclic conditions. The oxide scale is composed of Cr,O5 with a small
amount of Mn4.5Cr4.504 at the external interface. Results show that water molecules or protons
can modify the diffusion process in the scale and lower the oxidation rate. At 1000°C, a
deleterious effect of water vapour on the scale structure is observed. In situ X-ray diffraction was
used to analyse the oxide formation on AISI 316L specimens during isothermal oxidation at
1000°C in moist air. Results show that the breakaway oxidation is due to the iron oxidation starting
after 31 h oxidation. This leads to an external Fe;O5 scale growth and an internal multilayered
FeCr.04 scale formation. In wet air, thermal cycling conditions lead to continuous weight losses at

1000°C, whereas the scale remains adherent in dry air.

Keywords: Water vapour, Oxidation, AISI 316L, In situ X-ray diffraction, Thermal cycling

Introduction

The AISI 316L austenitic stainless steel (SS) is widely
used in industrial applications due to its good creep
properties and the oxidation resistance provided by the
alloy chromium content."® Several studies proposed
that, at high temperature, chromia forming alloys such
as AISI 316L SS exhibit an oxide growth leading mainly
to Cr,05 and spinel type oxide formation.” " It has also
been demonstrated that yttria addition leads to an
increased oxidation resistance at 800°C.'? The role of
molybdenum on the AISI 316L SS oxidation process
has been already discussed. It has been demonstrated
that molybdenum plays a similar protective role as the
one provided by silicon. In dry air, it hinders iron
oxidation and leads to a better keying of the chromia
scale in the alloy.'*'> Water vapour is present in many
industrial gases. It is a constituent of combustion gases
and can affect high temperature corrosion of heat
exchangers or engines. Many investigations have been
conducted to increase solid oxide fuel cell performance
and increase the corrosion resistance of metallic inter-
connects.'®'” Water vapour is also present in power
generation systems, and increasing service temperatures
lead to heavy corrosion problems. Water vapour effects
have already been described in the literature.'® %!
Several studies were conducted on chromia forming
alloys.”*2® In general, water vapour has a major effect
on the growth rate of oxide scales. Increasing the
amount of water vapour in the atmosphere reduces the
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time to onset of breakaway oxidation.” Galerie et al.
have explained that the breakaway on Fe-15Cr alloy
was induced by the rapid growth of hematite at the
metal/chromia interface, at 800-1000°C, in Ar-15H,0.%*
But in many cases, the chromia scale failure was related
to the formation of CrO-(OH), and Cr(OH); volatile
hydroxides. ™" Evaporation can lead to alloy chro-
mium depletion, resulting in the formation of an iron
rich non-protective scale. Young proposed that water
vapour affects chromia scale growth similarly to what is
observed with reactive element metals.*! Both segregate
to oxide grain boundaries. Grain boundary cation
diffusion is then largely suppressed, increasing the
oxygen internal diffusion and refining the oxide grain
structure. On the other hand, he also explained that in
short term laboratory experiments at temperatures
above 800°C, chromium volatilisation could usually be
neglected, even in 0./H->0 gas mixtures. Refining of the
oxide grain structure under wet conditions has also
been observed by Jacob er al after pure chromium
oxidation.® Recently, Othman et al proposed that
water vapour has no significant effect if a large
chromium reservoir induces the growth of a continuous
Cr-0j scale layer.*® The ability of Fe~Cr alloys to form a
protective oxide scale was related to the chromium
concentration at the alloy surface. When the concentra-
tion of chromium is too low, iron rich oxides form,
inducing breakaway oxidation. Rahmel et al suggested
that an H,/H-O gas mixture can be formed in voids
within the scale then facilitating rapid inward transport
of oxygen." From the literature review, it can be stated
that owing to its relatively high chromium content and
alloying elements, the AISI 316L SS is oxidation resis-
tant at temperatures up to 1000°C in dry environments
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1 Mass gain curves obtained after 96 h isothermal oxidation of AISI 316L SS under dry air and wet air (10 vol.-%:H20) at

800, 900 and 1000°C

and in isothermal conditions. The aim of the present
work is to determine the effect of water vapour on the
oxidation mechanism of the AISI 316L SS. In situ X-ray
diffraction (XRD) in flowing moist air (10 vol.-%H-,0)
will provide useful information on the oxidation process.
It will be determined if a change in the structural
composition of the layer occurs during the oxidation test
and if oxide phase transitions occur during cooling to
room temperature. The effect of water vapour on the
oxide scale adherence will be evaluated by thermal
cycling tests at 800, 900 and 1000°C.

Experimental

The material used in the present work was an AISI 316L
austenitic SS. The alloy composition is Fe-17-7Cr—
10-ONi-2-16Mo-1-57Mn-0-558i-0-023C  (wt-%). The
specimens, provided by ArcelorMittal-Imphy, were
polished on SiC paper up to the 800 polishing grade,
then washed with ethanol and finally dried prior to
isothermal oxidation at 800, 900 and 1000°C. The
specimens are 1-5 mm thick and show a total surface
area of ~6 cm”. The kinetic results obtained under
isothermal conditions were recorded during 96 h using a
Setaram TG-DTA 92-1600 microthermobalance. The in
situ characterisation of the oxide scales was carried out
in a high temperature MRI chamber adapted on an X-
ray Philips X' PERT MPD diffractometer (copper
radiation, 4 k,=0-154 nm). The diffraction patterns
are registered every hour at 1000°C in 10 vol.-%H,0O
flowing air. The XRD conditions were 20 scan, step of
0-02°, range from 10 to 80” and 3 s counting time. The
morphology of the external interface as well as the cross-
sections was observed using a JEOL JSM-7600F SEM.
The analysis of the scale was performed with a LINK
energy dispersive X-ray spectroscopy (EDXS). The
EDXS point analyses were performed with an electron
probe focused to a 1 um spot. The water vapour
experiments were performed in air containing 10 vol.
-9%H>0. The flowing air (8 L h™' flowrate) is saturated

through boiling water. Then, the water bath humidifier
maintained at 50°C controls the water vapour ratio by
condensation of the excess water vapour. All the
connecting tubes are maintained at 100°C in order to
avoid any water condensation out of the furnaces. A
schematic drawing of the rig is provided in a previous
paper.®* Similar gas humidifiers were used either for
TGA, wet in situ XRD (MRI chamber) and thermal
cycling tests in a tubular furnace. Dry air testing was
performed in flowing air at atmospheric pressure. Dry
and wet thermal cycling tests were performed at atmo-
spheric pressure in a tubular furnace adapted for
oxidation under dry or wet air. Three samples were
placed at the same time into an alumina crucible to
estimate the reproducibility. The thermal cycles consist
of 23 h exposure at high temperature, followed by 1 h at
ambient temperature after air quenching. The weight
change of the samples was determined after each cycle
on a balance with an accuracy of 0-01 mg. After each
cycle, the specimens are weighted out of the crucible in
order to measure the net weight change of the specimen.

Results

Isothermal kinetics

The mass gain curves per unit area are given in Fig. 1.
All isothermal thermogravimetric analyses were carried
out during 96 h at 800, 900 and 1000°C in ambient air
and wet air (10 vol.-%H,0). A parabolic regime was
observed throughout the 96 h oxidation tests except
when testing at 1000°C in wet air. The k; values are
given in Table 1. At 800°C, the oxidation rates are
similar under dry and wet air. At 900°C, the oxidation
rate is slightly higher in dry air than in wet air. At
1000°C, a parabolic regime is followed in dry air,
whereas in wet air, 10 vol.-% water vapour induces an
important increase in the oxidation rate after 30 h
oxidation. At 1000°C, the oxidation rate recorded before
the breakaway regime is similar in wet air and dry air.

Table 1 Kk, values obtained on AISI 316L SS after dry air and wet air (10 vol.-%Hz0) oxidation between 800 and 1000°C
Temperature/°C ky, dry air/g® cm ™" 57" k, wet air/g® cm™* s’

800 48+01x 107" 35401107 ™

900 58+01x107" 26+01x107 "

1000 19401x107"2 2-5+0-1x 107 (before 24 h)




Thermal cycling kinetics

In Fig. 2, mass changes registered during thermal
cycling tests show that at 800 and 900°C the mass gain
is slightly lower in wet air compared to dry conditions.
In these conditions, no scale spallation was observed on
the surface after each cycle. It should be noticed that
weight gains were already lower under wet isothermal
conditions. At 1000°C, the oxide scale remains adherent
in dry air. Very important weight losses are registered in
wet air after the second (23+1 h) cycle at 1000°C. It
should be pointed out that two cycles correspond to 46 h
oxidation, which is more than the 31 h oxidation
preceding the breakaway oxidation observed under
isothermal conditions in Fig. 1.

Scale morphology after isothermal oxidation

The morphology of the scale formed on the AISI 316L
SS oxidised isothermally during 96 h in dry and wet air
is presented in Fig. 3. No spalled areas were observed on
the surface after dry air oxidation. Energy dispersive X-
ray spectroscopy analysis of the sample surface shows
the presence of manganese, chromium and oxygen
(Mn,.sCr;.504 and Cr,05). After wet air oxidation, the
scale is still adherent at 800 and 900°C. The scale surface
shows a convoluted aspect after oxidation at 900°C in
wet air. Energy dispersive X-ray spectroscopy analysis
of the sample surface also shows the presence of
manganese, chromium and oxygen at 800 and 900°C.
At 1000°C in dry air, EDXS analyses show the presence
of manganese, chromium and oxygen. At 1000°C, in wet
air, EDXS analyses indicate the presence of chromium,
oxygen and iron corresponding to the FeCr,0, forma-
tion. Scanning electron microscope examinations were
carried out on the specimen cross-section (Fig. 4) in
order to estimate the scale thickness and to identify the
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elements constituting the oxide scale. After 96 h oxida-
tion in dry and wet air at 800 and 900°C and in dry air at
1000°C, the scale is adherent. The EDXS analyses
performed on the cross-section show that manganese is
located at the scale/gas interface. The middle part of the
oxide scale is mainly composed of chromia. Some
internal silicon oxidation is observed along the alloy
grain boundaries at temperatures higher than 800°C. No
influence of water vapour is observed on the silicon
internal oxidation process. Nevertheless, it appears that
in wet air the oxide scale is more convoluted. At 1000°C,
in wet air, the scale is duplex. The outer scale
corresponds to hematite. This oxide spalled off during
cooling to room temperature and is not observed on the
cross-section. The inner scale is multilayered and shows
alternatively FeCr,0, scales and non-oxidised metallic
layers. Some silica particles are also identified inside this
internal oxidation zone. The EDXS analyses performed
in the metallic substrate, under the oxide scale., show
that in the two first micrometre depth the chromium
content is 14-2+0-3 wt-%. The 17-7 wt-% bulk content
is reached 15 um deep inside the alloy. The surface alloy
chromium ratio is the same whatever the temperature
and gaseous environment. It then appears that water
vapour does not lead to higher chromium depletion
inside the substrate. Similar observations are still valid
after 10 thermal cycles. The only difference observed is
that at 1000°C in dry air the chromium content is
slightly lower: 12-8+0-2 wt-% in the two first micro-
metre alloy depths, and the chromium depletion goes
deeper (40 um). In moist air, the chromium content is
14:54+0-3 wt-% at the same alloy depth. After thermal
cycling, water vapour does not promote chromium
depletion inside the substrate due to a preferential
inward oxidation process.
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X-ray diffraction results after isothermal
oxidation

The XRD patterns obtained from the AISI 316L SS
sample after 96 h isothermal oxidation at 800, 900 and
1000°C in dry air are shown in Fig. 5. It reveals the
presence of Mn,.sCry.504 [Joint Committee on Powder
Diffraction Standards (JCPDS) no. 33-0892] and Cr,0,
(JCPDS no. 38-1479) after oxidation at all tempera-
tures. The relative intensity of the alloys peaks is
smaller at 1000°C due to the higher oxide thickness.
After wet air oxidation, Fig. 6 exhibits the presence of
Mn;.5Cry.504 and Cr,O3 on the alloy surface after
oxidation at 800 and 900°C. At 1000°C, the XRD
analysis of the remaining oxide only shows the presence
of FeCr,0O4 (JCPDS no. 34-0140) because the external
Fe,0; scale totally spalled off during cooling.

In situ XRD results in wet air at 1000°C

The oxide scale formed on the AISI 316L SS was
analysed by in situ XRD on the metallic substrate at
1000°C in wet air (10 vol.-%H,0) during 65 h (Fig. 7).
At 1000°C, it was noted that the dilatation of the
metallic structure induces a shift of the diffraction peaks
of the AISI 316L SS to the lower angle values. After
cooling to room temperature, the alloy peaks were again
normally placed. No shift was observed on the oxide
peaks location due to the very low dilatation of the
oxides. Figure 7 shows the presence of Mny.sCry.s04
(JCPDS no. 33-0892) and Cr,O; (JCPDS no. 38-1479)
during the first 31 h of oxidation. It appears that both
oxides nucleate simultaneously on the specimen surface
during the first hour of oxidation and remain together at
the external interface. No other oxides were formed
during the 31 h oxidation test. After 36 h oxidation,

900°C air + 10vol.% H,0

50um

1000°C air + 10vol.% H;0

3 Micrograph (SEM) showing structure of outer grains observed on AIS|I 316L SS surface oxidised at 800, 900 and
1000°C in dry air or wet air (10 vol.-%H;0) for 96 h

hematite Fe,O5 (JCPDS no. 24-0027) is detected on the
alloy surface, and Cr,0; peaks are still observed. After
65 h oxidation, the hematite scale is thick, and the
FeCr,0, inner oxide is hardly detected. After cooling to
room temperature, Fig. 7 shows that the XRD pattern
obtained does not show the presence of hematite
anymore. FeCr-O,4 and the alloy are the only phases
observed on the diffraction pattern. This is due to the
complete hematite scale spallation during cooling. After
the in situ XRD testing, the pieces of the hematite scale
were found in the bottom part of the high temperature
chamber, out of the crucble. In situ XRD results at
1000°C, in dry air, were already presented in a previous
paper.'” It was shown that Mn,.sCr;.s04 and Cr,0;
were detected on the alloy surface all along the oxidation
test in dry air and after cooling to room temperature.

Scale morphology after thermal cycling

The morphology of the scale formed after 10 thermal
cycles (23+1 h) in dry and wet air is presented in Fig. 8.
No scale spallation was observed on the surface after dry
air oxidation between 800 and 1000°C. Energy disper-
sive X-ray spectroscopy analysis of the sample surface
shows the presence Mn,;.sCr, 504 and Cr,0j5 identified
by XRD. After wet air oxidation, the scale is still
adherent at 800 and 900°C. The surface oxide grains are
two times smaller after wet oxidation. Energy dispersive
X-ray spectroscopy analysis of the sample surface shows
the presence of manganese, chromium and oxygen at
800 and 900°C. At 1000°C, in dry air, EDXS analysis
shows the presence of manganese, chromium and
oxygen. At 1000°C, in wet air, EDXS analysis shows
the presence of iron, chromium and oxygen correspond-
ing to FeCr,0, formation. The SEM examinations were
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4 Cross-section (SEM) on AISI 316L SS oxidised at 800, 900 and 1000°C in dry air or wet air (10 vol.-%H,0) for 96 h

carried out on the specimen cross-sections (Fig. 9) after
10 cycles. Cyclic oxidation in dry air at 800, 900 and
1000°C leads to adherent scales. The EDXS analyses
performed on the cross-section show that manganese
and chromium were located at the external interface.
The middle part of the oxide scale is mainly composed of
chromia. Internal silicon oxidation is observed along the
alloy grain boundaries at 900 and 1000°C. Water vapour
does not influence the silicon internal oxidation process
at low temperatures during thermal cycling. At 1000°C,
the oxide scale structure is different between dry and wet
conditions. In dry air, the scale is adherent and still
composed of Mn;.5Cry.504 and Cr,0s5, after 10 cycles. In
wet air, the scale is multilayered and shows alternatively
FeCr,O,4 scales and chromium depleted alloy layers.
Silica particles are located inside the internal oxide zone.
The hematite scale has spalled off after the second cycle

and is not observable on the cross-section anymore. The
weight losses registered after the second cycle are due to
the exfoliation of FeCr,O, particles.

X-ray diffraction results after thermal cycling
The XRD patterns obtained from the AISI 316L SS
sample after 10 thermal cycles at 800, 900 and 1000°C
in dry air are shown in Fig. 10. It exhibits the presence
of Mn].5CT[ .504 (JC‘I)DS no. 33-()892) and CI':O}
(JCPDS no. 38-1479) after oxidation at all tempera-
tures. After thermal cycling in wet air, Fig. 11 shows
the presence of Mn;.sCry.504 and Cr>O; on the alloy
surface at 800 and 900°C. At 1000°C, XRD analysis of
the remaining oxide shows the presence of FeCr,O4
(JCPDS no. 34-0140). The alloy particles observed on
the SEM cross-section in the multilayered zone are also
detected by XRD.
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Discussion (Fig. 1). The parabolic behaviour was always followed
o in this temperature range under dry and wet conditions
Effect of water vapour on oxidation rate at 800 and 900°C. This permitted the calculation of

Kinetic results have been obtained for AISI 316L SS the parabolic rate constants kp at each temperature
between 800 and 1000°C under isothermal conditions (Table 1). The parabolic rate constant at 1000°C in
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8 Image (SEM) showing oxide surface structure on AISI316L SS surface oxidised after 10 (231 h) thermal cycles at
800, 900 and 1000°C in dry air and wet air (10 vol.-%H,0)
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11 X-ray diffraction patterns obtained from AISI 316L SS sample after 10 cycles (23+1 h) at 800, 900 and 1000°C in wet

air (10 vol.-%H.0)

moist air was calculated from the kinetic curve obtained
before 24 h oxidation. At 1000°C, in dry air, the k, value
is calculated from the data obtained during 96 h
oxidation. An apparent activation energy £E, was
calculated from the slope of the Arrhenius plots of the
ky values, E,=208+30 k] mol ' under dry conditions
and E,=241+30 kJ mol ' in wet air. These values are
close to the one generally proposed in the literature when
Cr,0; is formed on the alloys in this temperature
range.”>* The apparent activation energies are in good
agreement with the SEM cross-section observation
(Fig. 4), showing that the scale was mainly composed of
a continuous chromia scale, acting as a diffusion barrier.
According to SEM (Figs. 3 and 4) and XRD analyses
(Figs. 5 and 6), the good kinetic behaviour at 800 and
900°C, in dry and moist air, appears to be mainly due to
the absence of iron in the scale. Figures 1 and 2 also show
that water vapour slightly decreases the oxidation rate
relative to those registered in dry conditions, and the
apparent activation energy is higher in wet air. As
proposed by other authors, it could be due to the weight
losses related to the formation of volatile hydroxide
CrO5(OH)>.>*7" On the other hand, Young explained
that in short term laboratory experiments at low
temperatures, chromium volatilisation can usually be
neglected, even in O2/H,O gas mixtures.” Evaporation is
supposed to lead to chromium depletion in the alloy,
resulting in the formation of an iron rich non-protective
scale.™ Nevertheless, the EDXS analyses performed in
the alloy 2 ym under the oxide scale show that water
vapour does not induce a higher chromium depletion
compared to dry air oxidation. The chromium ratio is

always ~14 wi-% whatever the oxidation temperature
and water content. According to XRD and SEM-EDXS
analyses (Figs. 3-7), it should be noticed that the presence
of manganese chromite at the scale/gas interface can
hinder the wvolatilisation of CrO,(OH), under wet
conditions, as it was proposed by some authors.**%-7
Then, the lower oxidation rate is better due 1o a water
vapour effect on the chromia scale growth mechanism.
Some authors proposed that water segregates at oxide
grain boundaries and cation diffusion is lowered,
increasing the oxygen internal diffusion contribution.
As proposed by Young, this effect is very similar to those
attributed to reactive element metals on the diffusion
process.’® As shown in Fig. 3, the convoluted aspect of
the scale obtained at 900"C in moist air is very similar to
what is obtained on chromia scale obtained on lantha-
num sol gel coated chromia forming alloys.”® As
proposed in the literature, a convoluted scale suggests
that the cationic diffusion in chromia scale is lowered by
the presence of lanthanum.*” This scale structure devel-
ops with time during the oxidation process and is not
the result of a deformation during cooling to room
temperature.*' ** The convolution is generally related to
lateral growth in the chromia scale.*® It results from the
formation of new oxide inside the chromia scale. It can
also be due to the growth stresses generated inside the
chromia scale, leading to a plastic deformation of the
scale and the underlying metallic substrate.

Water induced breakaway oxidation

At 1000°C, the scale remains protective during oxidation
test in dry air (Figs. 1, 3 and 4). Mn,.5sCr.504 and Cr,04



are present all along the oxidation test. In wet air,
oxidation at 1000°C firstly leads to Mn;.5Cr;.504 and
Cr;0; formation. Nevertheless, breakaway corrosion
occurred after 31 h oxidation. In situ XRD permit to
analyse the oxides formed on AISI 316L SS during
isothermal oxidation at 1000°C in moist air (Fig. 7). The
breakaway oxidation is due to the iron oxidation
starting after 31 h oxidation. This leads to an external
hematite scale growth and an internal multilayered
FeCr,0, scale formation. Some authors have observed
that water vapour can induce a breakaway during high
temperature oxidation of iron based chromia forming
alloys.””?* Then, it was observed that it depends upon
the oxidation time, testing conditions and chromium
alloy content.”® As discussed above, chromium volatili-
sation by the formation oxy-hydroxides CrO,(OH); can
be neglected.*®™*" For a low chromium content (9%Cr
steels), Ehlers er al suggested that volatile Fe(OH),
forms at low p(0-) in the inner layers of the scale and is
then converted to hematite or magnetite in the outer
layer of the scale.*® This explanation cannot be given in
the present work because the AISI 316L SS is 17-7%Cr
rich and a high p(O,) is maintained. Our work can be
more related to that of Galerie et al., who have shown
that the first stage of breakaway of Fe-15Cr at 800—
1000°C in Ar-15H,0 corresponds to the separation of
chromia scale from alloy and inward gas diffusion
allows the formation of hematite at the metal/oxide
interface.”® The rapid growth of hematite at this
interface disrupts chromia scale and breakaway
occurred. The high rate of oxidation was related to the
water dissociation effect. Cheng et al proposed that
nickel particles located in the multilayered oxide scale
could catalyse the water dissociation.*” Mikkelsen and
Linderot explained the breakaway oxidation of Fe-22Cr
at 800°C in an Ho/Ar gas mixture (7:93) with the
addition of 12% water vapour as a consequence of the
stability of fast growing wiistite™ Jianian et al
proposed that the failure of a protective chromia scale
is the result of through scale cracking, which then leads
to water vapour presence at the alloy/scale interface,
where it reacts with the alloy forming Fe,O; and H,.*’
Essuman et al indicated that internal oxidation of
chromium occurred inside the alloy.” ' Solubility or
diffusivity of oxygen in the alloy could be improved by
water vapour. Our EDXS analyses do not show any
higher oxygen solubility in the alloy, even after ten
23+1 h cycles in wet air. Some authors have explained
the transport of H-O into the oxide scale by the
diffusion of hydrogen as H' and/or H,O in the oxide
scale.”’ % At 1000°C, under wet air, manganese chromite
and chromia were observed during the initial oxidation
stage. Nevertheless, after ~31 h oxidation, the protec-
tive chromia scale fails and breakaway appeared. It is
proposed that water dissociation occurred on the
specimen  surface.”**> This dissociation is more
important at 1000°C than at lower temperature because
walter dissociation is endothermic. Then, the diffusion of
hydrogen containing species could occur. Transport of
H-O into the oxide scales is performed by the
incorporation of hydrogen in the form of H' or
H-0.7""23% It is assumed that protons (H ") from water
vapour might dissolve in the oxides and diffuse at grain
boundaries. Essuman et al. proposed a model to explain
the internal oxidation of chromium alloys.”™*! Ardigo

et al. performed gold and deuterium marking experi-
ments and have evidenced that Fe;0,4 and Cr,O; scales
are permeable to hydrogen.™ Thelow H' and OH ™ radii
permit their diffusion through the oxide scale. Then, the
increase in protons in the scale changes the oxide defect
chemistry and could be responsible for the change in the
growth mechanism. It can then be considered that the
reaction of H" (and/or H-0) with the metallic substrate
under the chromia scale forms H, and wiistite ***
Thermodynamic data indicate that, at 1000°C, wiistite
is more stable than H,O. This is confirmed by Galerie
et al, who have already observed wiistite formation
under a chromia scale.” Mikkelsen and Linderot also
explained that the addition of water vapour favours the
formation of wiistite.™ When FeO and chromia are
present together, they react to form FeCr,O, As
observed by in situ XRD (Fig. 7), iron ions also diffuse
through the scale to form Fe,O; at the external interface,
then inducing the breakaway oxidation.

Influence of water vapour on scale adherence
At 800 and 900°C, thermal cycling kinetic curves and
SEM-XRD results (Figs. 8-11) show that water vapour
does not promote scale spallation. The SEM cross-
section examinations show that a keying effect between
the scale and the metallic matrix is due to the growth of
internal oxide protrusions (Figs. 10 and 11). Our results
are in accordance with those of Sobral et al, who
studied the AISI316L oxidation between 700 and
900°C." These authors have also shown the presence of
(Mn;.5Cry.5)O4 and Cr,0; after long exposure tests at
900°C. The lower mass gain registered in Fig. 2 has been
interpreted in a previous section as a result of a lower
cation grain boundary diffusion. An indication of the
modification in the scale growth process is also given by
the surface oxide grain size, which is two times lower in
wet air compared to dry air after 10 thermal cycles.
Zurek et al. explains the water vapour effect by a change
in the scale grain size and growth mechanism.™ As
proposed by other authors, the oxide scale adherence
can be improved in wet environments due to a smaller
grain size and increased plastic deformations.*>>™% As
proposed above, water segregation at oxide grain
boundaries can also lower cation diffusion and then
increase the oxygen internal diffusion contribution. Both
grain refinement and change in the growth mechanism
explain that at 800 and 900°C, 10 vol.-%H,0O has no
detrimental effect on the scale adherence.

At 1000°C, the scale adherence is still good after 10
cycles in dry air conditions. The EDXS analyses
performed on the cross-section show that manganese
and chromium were located at the external interface. In
wet air, Fig. 2 shows that very important weight losses
are registered after the second (23 +1 h) cycle. It should
be noticed that two cycles correspond to 46 h oxidation.
This is more than the 31 h oxidation preceding the
breakaway oxidation and iron oxide formation observed
during the in situ XRD analyses (Fig. 7). The SEM
examinations were carried out on the specimen cross-
section (Fig. 9) after 10 cycles. In wet air, the scale is
multilayered and shows alternatively FeCr,0, scales and
chromium depleted alloy layers. Silica particles are also
present inside this internal oxide zone. The hematite
scale has spalled off after the second cycle and the
following weight losses are due to the spallation of the
FeCr,O4 particles. The bad adherence of the scale



formed in wet air at 1000°C is clearly related to iron
oxidation starting after only 31h in 10 vol.-%H-0
containing air. The breakaway oxidation mechanism is
the same described for isothermal oxidation conditions.
It implies the reaction of H" (and/or H,0) with the
metallic substrate under the chromia scale to form H,
and iron oxides.

Conclusion

In situ XRD was used to identify the oxides formed on the
AISI 316L SS during isothermal oxidation at 1000°C in
moist air (10 vol.-%H-0). Our results showed the presence
of Mn;.sCry.s04 and Cr,O5 chromia growing simulta-
neously on the specimen surface before 31 h oxidation.
After 31 h oxidation, Fe,O; is growing on the specimen
surface at the external interface, and internal corrosion
leads to a multilayered FeCr,O, scale. Hematite, located at
the external interface, spalled off easily during cooling to
room temperature. At 800 and 900°C, 10 vol.-%H-0 in air
has no detrimental effect on the AISI 316L SS isothermal
oxidation and after 10 thermal cycles (23+ 1 h). The oxide
scale is always composed of Cr,05 with a small amount of
Mn, sCr; 50Oy at the external interface. Results show that
water molecules or protons can modify the diffusion
processes in the scale. It then lowers the oxidation rate and
modifies the scale structure. At 1000°C, water vapour
promotes iron oxidation.
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