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Abstract In situ X-ray diffraction was used to identify the oxides formed on the
AISI 316L (containing 2% Mo) stainless steel during isothermal oxidation at
800 °C, in air. Good oxidation behavior was observed on this steel when consid-
ering kinetics, structural characteristics and scale adherence. It was demonstrated
that molybdenum plays a protective role in that it hinders the outward iron diffusion
and leads to the lower growth rate and the better scale adherence. The oxide scale
was then composed of Cr,O3 with a small amount of Mn; 5Cr; 50,4 at the external
interface. Pre-oxidation of the AISI 316L also improved its aqueous corrosion
resistance. No pitting corrosion occured during the corrosion test. Aqueous corro-
sion testing also showed that the oxide scale formed at 800 °C is crack-free and still
adherent after cooling to room temperature.
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Introduction

The AISI 316L stainless steel is a technologically important material widely used in
various sectors of industry due to its good corrosion resistance at high temperatures
[1-6]. It has been shown that 100 h oxidation, in air, at 700 °C leads to the presence
of Cr,03 and Fe,O5 protuberant areas in the oxide scale [7]. On injection molding
AISI 316L the steel porosity not only increased the kinetics of the corrosion process,
but also determined the nature of the resulting oxide layer with more iron oxides
formation [8]. Concerning the effect of reactive elements, it has been proposed that
cerium and niobium additions lead to better oxidation resistance during isothermal
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oxidation at 700 °C, in dry air [9]. Yttria addition also leads to an increased
oxidation resistance at 800 °C [10]. Moreover, other studies show that titanium
coatings [11-14] or laser surface modification can be applied on AISI 316L
materials for improved tribological properties [15, 16]. After oxidation at 900 °C,
X-ray diffractograms [17] seem to show the presence of NiFe,O,4, Fe,O3 and/or
(Fey.6Crp4)203. Depending on the application, such materials are subjected to
corrosive atmospheres and thermal cycling. Several studies [1-6] highlighted that,
at high temperature, chromia-forming alloys such as AISI 316L stainless steels
present an oxide growth leading mainly to chromia Cr,O3; and spinel type oxide
formation. However, in situ X-ray diffraction (XRD) studies have never been
performed on AISI 316L specimens at 800 °C in order to check if a change in the
structural composition of the layer appears with time and if oxide phase transitions
occur during cooling to room temperature as it was demonstrated on a AISI 304
substrate [18]. From the literature, it appears that pre-oxidation of the AISI 316L SS
has been tested in order to improve its aqueous corrosion resistance [19-24]. A
general corrosion improvement of this material was also obtained for biomedical
applications [25-32]. In this case the objective is to avoid the hexavalent chromium
release from the AISI 316L stainless steel implants [33]. On blank AISI 304 SS and
AISI 316L SS specimens, cyclic voltammetry in sulfuric acid solution show that the
native oxide layer on AISI 316L is more protective than on AISI 304 SS [34].
However, AISI 304 SS is sometimes preferred to the molybdenum grade AISI 316L
because molybdenum tends to promote the formation of sigma phase, which is less
resistant to nitric acid [35].

According to some authors [8] the AISI 316L oxidation is generally studied at
temperatures lower than 900 °C and more frequently between 300 and 700 °C. In
this temperature range the oxide scale appears to be composed of some iron
containing oxides which are not considered as protective as chromia scales. Then, it
is interesting to test this material in a higher temperature range in order to analyze
the composition of the scale at testing temperature by in situ XRD. The aim of the
present work is then to determine the oxidation mechanism of the AISI 316L SS at
800 °C, try to explain the good scale adherence and discuss the role played by
molybdenum as an alloying element. Pitting corrosion tests were also performed in
order to detect cracks in the oxide scale and estimate its protective character.

Experimental Procedures

The substrate material used in the present study was a grade AISI 316L austenitic
stainless steel (SS) with the nominal chemical composition (in wt%): 17.7 Cr, 10.9
Ni, 2.16 Mo, 1.57 Mn, 0.55 Si, 0.023 C and balance Fe. It was compared with an
AISI 304 SS: 17.9 Cr, 9.05 Ni, 0.15 Mo, 1.52 Mn, 0.47 Si, 0.053 C and Balance Fe.

Austenitic steel specimens, provided by ArcelorMittal-Imphy, were polished on
SiC paper up to the 800 polishing grade, then washed with ethanol and finally dried
just before isothermal oxidation at 800 °C.

The kinetics results under isothermal conditions were recorded by means of a
Setaram TG-DTA 92-1600 microthermobalance, during 90 h, at 800 °C, in air.

@ Springer



Oxid Met (2011) 75:27-39 29

The in situ characterization 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, Ak, = 0.154 nm). The XRD conditions were 20 scan, step 0.1°, range
from 10° to 90°, 4.5 s counting time. The heating-up rate was fixed at 30 °C/min. The
morphology of the external interface, as well as the cross-sections, were observed
with secondary electrons using a scanning electron microscope (SEM). The analysis
of the scale was performed with the energy dispersive X-ray spectroscopy (EDS).

The pitting corrosion resistance of the samples was investigated by electrochemical
potentio-dynamic tests. These tests were conducted in a conventional three-electrode
cell using a Pt foil as the auxiliary electrode and a saturated calomel electrode (SCE) as
the reference one. The working electrode was constructed using either non oxidized
(blank) or pre-oxidized AISI 316L specimens of a cylindrical shape. The tests were
initiated when steady-state open circuit potential was developed after 30 min (E,.).
The starting potential was taken as E,. — 250 mV. The potential was swept in the
anodic direction at 120 mV/min until the potential of 1500 mV/SCE was reached.
Then, the scan was reversed in the cathodic direction until the E,. — 250 mV. The
electrolyte was a9 g/l NaCl (pH 7) aerated solution at 37 °C. Each test was performed
on ten different specimens in order to check the reproducibility.

Results
Kinetics

Thermogravimetric analysis was carried by exposure for 90 h, at 800 °C, in air. The
mass gain curves per unit area are given in Fig. 1. With the AISI 304 SS the kinetics
show parabolic behavior (k, = (2.7 0.2) x 107" g?cm?/s) all along the oxida-
tion test. On AISI 316L parabolic behavior is also observed all along the oxidation
test (k, = (4 £0.2) x 10" gz/cm4/s). The oxidation rate is slightly lower with
AISI 316L specimens compared to that for AISI 304 SS under the time and
condition tested.

Scale Surface Morphology

The surface morphology of the scale formed on the AISI 316L oxidized during 90 h,
in air, at 800 °C, is presented in Fig. 2. No scale spallation was observed. This scale
exhibits large flat crystals and small grains. In order to analyze the scale composition,
EDS analysis of the sample surface was performed (Fig. 3). It shows the presence of
manganese, chromium, oxygen and a small amount of iron. The same composition is
observed on both the flat crystals and the smaller grains present on the surface.

Scale Cross-Section Morphology
SEM examinations were carried out on the 316 SS cross-section (Fig. 4) in order to

estimate the scale thickness and to identify the elements incorporated in the oxide
scale. After 90 h oxidation at 800 °C, large flat crystals are observed at the external
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Fig. 1 Mass gain curve obtained during isothermal AISI 316L SS and AISI 304 SS oxidation, at 800 °C,
in air

Fig. 2 SEM micrograph showing the morphology on the AISI 316L SS surface oxidized at 800 °C, in
air, after 90 h

interface on the resin side. The compact chromia part of the scaleis 3 £ 0.5 pum thick
and it exhibits some internal oxidation with small pegs penetrating into the alloy.

EDS analyses performed on the cross-section are given on Table 1. Due to
secondary electron yield variation with atomic number, we can also note the
presence of silicon and molybdenum as dark areas at the internal interface and along
the steel grain boundaries. It appears that molybdenum and silicon are mainly
located close to the internal interface.

On oxidized AISI 304 specimens in air [36], the scale generally exhibits Fe,O;
and FeCr,04 nodules on the surface and the oxide scale is not very adherent. Our
results show that AISI 316L specimens behave much better from the stand points of
scale structure and scale adherence.
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Fig. 3 EDS spectrum registered on the AISI 316L SS surface oxidized at 800 °C, in air, after 90 h
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Fig. 4 SEM cross-section of the AISI 316L SS oxidized at 800 °C, in air, after 90 h (BSE imaging)

Table 1 EDS analysis obtained on the cross-section of the AISI 316L SS oxidized at 800 °C, in air,

during 90 h

At.% (0] Si Cr Mn Fe Ni Mo
S1 63.76 0.58 31.65 3.08 0.93

S2 61.41 0.41 26.57 11.61

S3 63.85 0.71 34.31 1.13

S4 37.52 18.46 6.63 31.84 4.61 0.93
S5 51.93 2.68 29.87 13.18 1.98 0.36
S6 51.75 18.17 12.49 0.93 14.41 1.84 0.42
S7 13.19 0.88 72.80 11.58
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In Situ X-Ray Diffraction Results

The oxide scale formed on the AISI 316L was analyzed by in situ XRD on the
metallic substrate at 800 °C, in air (Fig. 5). This figure shows the presence of the
Mn, 5Cr; 504 (JCPDS 33-0892) and Cr,03 chromia (JCPDS 38-1479). It appears
that both oxides nucleate and grow simultaneously on the specimen surface. The
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Fig. 5 In situ XRD patterns obtained on the AISI 316L SS during isothermal oxidation, at 800 °C, in air
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Fig. 6 XRD performed on the AISI 316L SS after 125 h oxidation at 800 °C, in air

relatively high Mn, 5Cr; sO4 peak intensities are not due to a higher proportion of
this oxide in the scale but to the location of this oxide at the external interface.

Figure 6 also shows that the in situ XRD patterns obtained after 30 h oxidation is
similar to the one obtained after cooling to room temperature. This indicates that no
phase transition or scale spallation occurs during cooling to room temperature.
Finally, the in situ XRD results show that no detectable iron-containing oxides are
formed on AISI 316L specimens at 800 °C.

It further appears in Fig. 5 that no molybdenum-containing oxides could be
detected on the XRD patterns at 800 °C after 30 h oxidation. In order to identify the
molybdenum-containing oxides and better to explain the role of this element, XRD
was performed after a longer exposure time (i.e., 125 h) (Fig. 6).

Figure 6 shows that molybdenum is detected as NiMoO, (JCPDS 33-0948) at
800 °C after 125 h oxidation. On AISI 304 specimens, a previous study that used in
situ X-ray diffraction, showed that the oxide scale formed on this steel is composed
of iron-containing oxides such as Fe,O; and FeCr,O, These oxides were
responsible for the relatively bad oxidation behavior of AISI 304 at this temperature
[36].

Cyclic Voltammetry

Anodic cyclic voltammetry curves of blank AISI 316L substrate and oxidised AISI
316L specimens at 800 °C in air, during 48 h, are shown on Fig. 7. On both
specimens the pitting potential E,, = 720 mV/SCE and the repassivation potential
E;.p = 0 mV/SCE are close to each other despite the initial surface state. For the
unoxidized substrate, a continuous increase of the current density has been observed
for the entire range of potential. At 1500 mV/SCE the anodic current density value
of about 2.9 x 107 A/ecm?®. A lesser rate of dissolution was shown by the sample
oxidized at 800 °C showing the lowest current density for the entire range of
potential studied. At 1500 mV/SCE the anodic current density value of about
4.6 x 10~* A/em?. Thus the protective character of the oxide layer is demonstrated
by the current density variation which was one order magnitude lower for oxidized
AISI 316L specimens.

@ Springer



34 Oxid Met (2011) 75:27-39

AISI 316L

I (mA/cm?)

-600,80 - - 900,00 1400,00

-0,50 E (mV/SCE)

Fig. 7 Cyclic voltammetry (in aerated 9 g/l NaCl solution) of: the AISI 316L SS (unoxidized) and the
AISI 316L oxidized 48 h at 800 °C, in air

Discussion

The main kinetics results obtained on the AISI 316L SS between 800 at 1000 °C are
given in Table 2. The parabolic behavior was always encountered in this
temperature range. This permitted the calculation of the parabolic rate constants
k, at each temperature.

The Arrhenius plots of the k, values gives an activation energy (E,) calculated
from the slope of the curve which is found to be E, = 197 £+ 30 kJ/mol. This value
is close to those obtained in the literature during the oxidation of chromia-scale
(Cr,03) forming alloys. According to some authors [37, 38], E, is ranges between
250 and 290 kJ/mol. This activation energy is in good agreement with the SEM
cross-section observation (Fig. 4) and in situ XRD (Fig. 5), which showed that the
scale was composed of a continuous chromia scale. The good oxidation behavior is
also due to the absence of iron-containing oxides owing to the presence of silica and
NiMoOy close to the internal interface (Fig. 4). XRD and EDS analysis sowed that
no iron containing oxides where found in the oxide scale formed at 800 °C
compared to what was proposed by some authors after oxidation at 900 °C [17].

The scale cross-section also revealed that the oxide scale was adherent to the
substrate. Silicon and molybdenum were been found at the metal/oxide interface
(Table 1). Our results obtained at 800 °C are comparable to those of Sobral et al.
[8], who studied the oxidation of AISI 316L SS between 700 and 900 °C. He also

Table 2 k, Values obtained on

the AISI 316L between 800 at AISI 316L

kp (g2 cm™# sfl)

1000 °C
800 °C 4 x 107"
900 °C 19 x 1071
1000 °C 256 x 10712
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showed the presence of (Mn;sCr;5)O4 and Cr,O5 after long exposure tests at
900 °C.

Role of Silicon and Molybdenum on the Oxidation Mechanism

Few studies have discussed the role of molybdenum on the corrosion behavior of a
Cr,03-scale former at high temperatures. Molybdenum is generally added into the
316L steel as a solid-solution strengthener. But with respect to the oxidation
resistance, molybdenum can be undesirable because MoO; tends to volatilize or
melt even at moderate a temperature [7].

By contrast, silicon has been more extensively examined on chromia forming
alloys, as a protective element. Even though too high an amount of silicon is
considered as detrimental for the steels mechanical properties [39], its addition
generally improves oxidation resistance. Some authors [40-42] stated that silicon
segregates at the oxide/alloy interface and blocks the iron cationic diffusion. Silicon
is then supposed to be present as a silica film, which lowers the steel oxidation rate.
The high oxygen affinity of silicon, permit its internal oxidation, developing SiO,
precipitates at the internal interface [43, 44]. Then, it is reported that silica acts as a
diffusion barrier and leads to peg the chromia scale on the substrate [45, 46]. Silica
will also lower the porosity at the internal interface acting as vacancies sinks [47].
Silicon also reduces the amount of non-protective iron oxides inside the scale [48]
and hinders the iron rich nodule formation [41].

Influence of the Silicon Content

Paul and coworkers have shown that during the oxidation of a AISI 304 type stainless
steel between 900 and 1000 °C, a maximum 0.88% (wt%) silicon content leads to the
formation of a chromia scale even at 1000 °C. It should be noticed that they studied a
manganese free substrate and that the comparison with manganese containing steels
is then not very easy [49]. On the other hand, it appears that a too high amount of
silicon induces more scale spallation between the alloy and the silica scale or at the
silica/chromia interface [42]. It is the reason why silicon is rarely added at more than
1 wt%. One should also take care that the chromium presence is necessary to avoid
the fayalite Fe,SiO, formation, which is a very bad diffusion barrier [50, 51].
Effectively, according to Stott, the necessary amount of silicon needed to the SiO,
formation can be lower when the chromium content increases [51].

Concerning higher silicon additions, the paper of Li and Gleeson [52] compared
the oxidation behavior of Ni-base alloys with and without about 2.7 wt% Si addition
at 1000 °C. From oxidation results of the cast model alloys, Si addition was found to
improve oxidation resistance by forming a continuous SiO, layer at the alloy scale
interface, which resulted in decreased oxidation kinetics. The cast alloys with Si
addition also showed larger average effective inter-diffusion coefficients of
chromium compared to the cast alloys without Si addition. As a consequence, the
Si addition assisted in the establishment and re-formation of a chromia scale during
oxidation. In the case of the wrought commercial alloys a discontinuous distribution
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of SiO, precipitates in the vicinity of the alloy/scale interface was found to be
beneficial to cyclic oxidation resistance. In the present work the alloy silicon content
is much lower and the substrates are iron-base steels. Nevertheless, the molybdenum
content is close to 2 wt% in the 316L SS and should be taken into account.

Role of Molybdenum

At 800 °C, cross-sectional examination showed that molybdenum is associated with
silicon at the internal interface (Fig. 4). These two elements seem to show similar
oxidation and diffusion behavior. The low outward silicon diffusion through the
oxide scales is a well-known phenomenon [53], and our results indicate that
molybdenum shows a similar behavior at low temperature. At 800 °C, molybdenum
is found close to the oxide/steel interface (Fig. 4) and NiMoOy is detected by XRD.
In our study, it should be noticed that at 800 °C the temperature seems to be low
enough to permit the NiMoQO, detection by XRD after cooling to room temperature
(Fig. 6). No evaporation of molybdenum oxide (MoO3) occurs during the oxidation
process at 800 °C [7].

The good scale adherence observed, can be due to the fact that molybdenum and
silicon oxides could fill the vacancies generated at the internal interface by the
outward chromium and manganese cation diffusion through the oxide scale. It is
known that at low temperatures the volume fraction of MoOj is 340% compared to
molybdenum and the volume fraction of SiO, is 180% larger than silicon [54-57].
This phenomenon can contribute to hinder the outward iron diffusion from the
substrate. It has been also proposed that a Mo-Si—-O amorphous phase (not
detectable by XRD) could form instead of SiO, and will show better protective
properties [58]. At 800 °C, the effect of an amorphous phase can be envisaged at the
oxide/steel interface where molybdenum has been detected. Even though they
contain similar silicon contents, AISI 316L shows a relatively better behavior
compared with AISI 304 type steel at 800 °C, the chromia scale adherence is
improved and no iron containing oxides are formed (Fig. 4). This is certainly due to
the 2% molybdenum content of the AISI 316L SS. This element can be added with a
relatively high content compared to the 0.5% silicon generally introduced in
stainless steel. Then, 2% molybdenum shows a quantitative effect on the AISI 316L.
oxidation protection without the over-doping effects encountered with the highest
silicon containing steels [42].

On oxidized specimens, the protective character of the oxide layer is
demonstrated by the pitting corrosion tests. Then, the current density variation is
one order magnitude lower for oxidized AISI 316L specimens compared to blank
specimens. Our results are in accordance with the literature which shows that pre-
oxidation of the AISI 316L improves its aqueous corrosion resistance for
biomedical applications [19-32]. In this case the objective is to avoid the
hexavalent chromium release from the AISI 316L stainless steel implants [33]. Our
results also show that no pitting corrosion occurs during the test. It then indicates
that the oxide scale formed at 800 °C is crack free and still adherent after cooling to
room temperature.
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Conclusions

In the present work, in situ X-ray diffraction was used to identify the oxides formed
on the AISI 316L stainless steel during isothermal oxidation at 800 °C, in air. It
showed the presence of the Mn; sCr; sO4 (JCPDS 33-0892) and Cr,O3 chromia
(JCPDS 38-1479). It also appeared that both oxides nucleate and grow simulta-
neously on the specimen surface. According to the SEM cross-section observations,
it appeared that the relatively high Mn,; 5Cr; 50,4 peak intensities are not due to a
higher proportion of this oxide in the scale but to the location of this oxide at the air/
scale interface. No phase transition or scale spallation occured during cooling to
room temperature. The results showed that no iron-containing oxides formed on
AISI 316L specimens at 800 °C.

Our results were compared with those obtained on AISI 304 SS in order to better
explain the role of molybdenum on the oxidation process of AISI 316L SS
(containing 2% Mo). Good oxidation behavior of the AISI 316L SS was observed
when considering kinetics and structural characteristics. It was shown that
molybdenum plays a protective role, as it is observed with silicon. Moreover, it
is possible to add a higher content of molybdenum (2%) in the stainless steel
compared with silicon (usually 0.5%). This higher protective-element content
hinders the outward diffusion of iron and leads to the lower growth rate and the
better scale adherence observed. The oxide scale was then composed of Cr,O3 with
a small amount of Mn, sCr; 504 at the external interface. The better scale adherence
observed is inferred to be due to the fact that molybdenum and silicon oxides could
fill the vacancies generated at the internal interface by the outward chromium and
manganese cation diffusion through the oxide scale. At 800 °C, Mo is mainly
located, as NiMoQy, close to the alloy/oxide interface. Our results also show that no
pitting corrosion occurs during the corrosion test. Pre-oxidation of the AISI 316L
improves its aqueous corrosion resistance. Pitting corrosion tests also show that the
oxide scale formed at 800 °C is crack free and still adherent after cooling to room
temperature.
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