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Role of molybdenum on the AISI 316L oxidation at 900 °C
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Abstract In situ X-ray diffraction was used to study the
oxide formation on AISI 316L stainless steel (SS) speci-
mens during isothermal oxidation at 900 °C in air. Results
were compared with those obtained on AISI 304 SS to
determine the role of molybdenum on the oxidation process
for the AISI 316L SS specimens. Our results show that
molybdenum plays a major protective role during steel
oxidation. This element is found in a NiMoO, phase at the
internal oxide-metal interface. The high molybdenum
content of the alloy hinders the outward diffusion of iron
and leads to a lower growth rate and better scale adherence.
The oxide scale is then composed of Cr,O; with a small
amount of Mn; sCr; 50, at the external interface. The
improved scale adherence appears to be due to a keying
effect at the scale/alloy interface promoted by molybdenum.

Introduction

Due to its good creep properties and the oxidation resis-
tance provided by chromium, AISI 316L austenitic
stainless steel (SS) is a technologically important SS
widely used in industrial applications [1-6]. However, few
studies have been reported on the oxidation mechanism of
this steel at high temperatures in air. It has been shown that
100 h of oxidation in air at 700 °C leads to the presence of
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Cr,03 and Fe,O; protuberant areas in the oxide scale [7].
Sobral et al. [8] showed that on injection moulding AISI
316L SS, 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. It has been
proposed that cerium and niobium additions lead to
improved oxidation resistance of AISI 316L SS during
oxidation at 700 °C in dry air [9]. Additions of yttria also
lead to an increased oxidation resistance at 800 °C [10].
Other studies have shown that titanium coatings [11-14] or
a laser-modified surface can be applied on AISI 316L SS
materials to improve tribological properties [15, 16]. After
oxidation at 900 °C, it is proposed that X-ray diffracto-
grams indicate the presence of NiFe,O,, Fe,Oz and/or
(Feo.6Cro.4)205 [17]. Several studies proposed that, at high
temperature, chromia forming alloys such as AISI 316L SS
exhibit an oxide growth leading mainly to Cr,O3 and spi-
nel-type oxide formation. However, the oxides actually
present at 900 °C have never been identified. In situ X-ray
diffraction studies can now be performed on AISI 316L SS
specimens at 900 °C to analyse the oxides growing at this
temperature. In the present work, this technique has been
used to determine if a change in the structural composition
of the layer occurs with time and if oxide phase transitions
occur during cooling to room temperature, as has been
demonstrated for AISI 304 SS [18]. This author also pro-
posed that the formation of a protective Cr,O5 layer is
favoured by the establishment of a continuous silica sub-
layer at the internal oxide—metal interface. Nevertheless, at
900 °C a breakaway oxidation behaviour was observed
after about 40 h of oxidation. This phenomenon is related
to the initial nucleation of Fe;SiO;q, which traps silicon
within the oxide scale and inhibits its segregation at the
internal interface. Then, the high oxidation rate is due to
the lack of a continuous silica layer at the internal interface,
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which leads to the formation of less protective iron-con-
taining oxides [19].

From the literature, the AISI 316L SS oxidation has
been generally studied at temperatures lower than 900 °C
and primarily between 300 and 700 °C. In this temperature
range the oxide scale appears to consist of iron-containing
oxides, which are not as protective as chromia scales.
Therefore, it is of interest to test this steel to analyse the
composition of scale formed in a relatively high tempera-
ture range where chromia is expected. The aim of the
present work is to determine the oxidation mechanism of
the AISI 316L SS at 900 °C and try to explain the good
oxide scale adherence. The role of molybdenum on the
AISI 316L SS oxidation process will be discussed with
respect to the results obtained under the same conditions on
the molybdenum free alloy AISI 304 SS.

Experimental details

The materials used in the present work were an AISI 3161
and an AISI 304 austenitic SS. The two SS compositions
are given in Table 1. The specimens, provided by Arce-
lorMittal-Imphy, were polished on SiC paper up to the 800
polishing grade, then washed with ethanol and finally dried
under a hot draught prior to isothermal oxidation at 900 °C.

The kinetic results obtained under isothermal conditions
(90 h at 900 °C) in air were recorded using a Setaram TG-
DTA 92-1600 microthermobalance. The in situ character-
ization 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, ik =
0.154 nm). The morphology of the external interface as
well as the cross sections was observed using a Scanning
Electron Microscope (SEM). The analysis of the scale was
performed using energy dispersive X-ray spectroscopy
(EDS).

Results
Kinetics
The mass gain curve per unit area is given in Fig. 1. The

thermogravimetric analysis was carried out for 90 h at
900 °C in air. For the AISI 304 specimens, the kinetic

Table 1 Composition of AISI 304 SS and AISI 316L SS (weight %)
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Fig. 1 Mass gain curve obtained during isothermal oxidation of AISI
316L SS and AISI 304 SS in air at 900 °C

curve exhibited an initial parabolic regime (kp = (2.0 £
0.2) 107" g cm™* s7') during the first 40 h of the oxi-
dation test. This initial stage was followed by a breakaway
oxidation regime leading to a significant mass gain after
90 h of exposure (2.3 mg cm~2). For the AISI 316L SS
specimens, a parabolic regime was observed throughout the
90 h oxidation test (kp = (1.9 & 0.2) 107 g% cm™* s7").
The oxidation rate was slightly lower with AISI 316L
specimens compared to the parabolic regime observed for
the AISI 304 SS samples during the first 40 h at 900 °C.

Scale morphology

The morphology of the scale formed on AISI 316L SS
oxidized during 90 h in air at 900 °C is presented in Fig. 2.
No scale spallation was observed on the surface. This scale
exhibited octahedral grains and plate-like grains. EDS

Alloy Fe Cr Ni Mo Mn Si C
AISI 304 SS Bal. 179 9.05 0.15 152 047 0.053
AISI 316L SS Bal. 17.7 109 216 157 055 0.023

Fig. 2 SEM micrograph showing the structure of the outer grains
observed on the AISI 316L SS surface oxidized at 900 °C in air for
90 h
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Fig. 3 SEM cross-section on the AISI 316L SS oxidized at 900 °C in
air for 90 h

analysis of the sample surface shows the presence of
manganese, chromium and oxygen.

SEM examinations were carried out on the specimen
cross section (Fig. 3) to estimate the scale thickness and to
identify the elements constituting the oxide scale. After
90 h of oxidation at 900 °C, the adherent scale was about
3 pm thick and this scale exhibited internal oxidation along
the alloy grain boundaries.

Figure 4 shows the EDS analyses performed on the
cross section (Fig. 3). Manganese and chromium were
located at the scale/air interface (spectrum 4). The middle
part of the oxide scale was mainly composed of chromium
oxide along with a small amount of iron and silicon
(spectrum 3). EDS spectrum 1 shows that molybdenum is
mainly located along the steel grain boundaries with silicon
as oxide precipitates 10 um deep inside the metallic
matrix. EDS spectrum 2 exhibits that at the internal oxide—
metal interface the amount of molybdenum appears to be
important but silicon is not detected. It should be noticed
that the oxide scale is thicker when molybdenum is
detected at the internal interface.

In situ X-ray diffraction results

The oxide scale formed on AISI 316L was analysed by
in situ XRD on the metallic substrate at 900 °C, in air
(Fig. 5). At 900 °C, it was noted that the dilatation of the
metallic structure induces a shift of the diffraction peaks of
AISI 316L to lower angle values. After cooling to room
temperature, the AISI 316L SS peaks were again normally
placed. No shift was observed on the oxides peak location
due to the very low dilatation of oxides. Figure 5 shows the
presence of Mn; sCr; 50, (JCPDS 33-0892) and Cr,0;3

@ Springer

(JCPDS 38-1479). 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 30 h
oxidation test. According to the SEM cross-section obser-
vation obtained after 90 h of oxidation, it appears that
Mn;, 5Cr; 504 is mainly located at the external interface and
the Cr,Oj3 scale forms at the internal interface.

Figure 5 also shows that the in situ XRD patterns
obtained after 30 h of oxidation is similar to the one
obtained after cooling to room temperature. This indicates
that no phase transition or scale spallation occurred during
cooling. Finally, the in situ XRD results showed that no
iron- or nickel-containing oxides were present on this
substrate at 900 °C. Nevertheless, from Fig. 5, it appears
that molybdenum-containing oxides could not be detected
on the XRD patterns after 30 h of oxidation. In order to
identify the molybdenum-containing oxides and better
explain the role of this element, XRD was performed after
a longer-term testing (90 h) (Fig. 6).

The XRD pattern in Fig. 6 shows that molybdenum was
detected as NiMoO,4 (JCPDS 33-0948) after 90 h of oxida-
tion at 900 °C. According to some authors, only one ternary
phase, NiMoO,4, was found to exist in the system (NiO-
Mo0O,). The Gibbs energy of formation of NiMoO, from
NiO + MoO, + %0, = NiMoQy, is AGr®° = —201,195 +
69.7 T (£400) J mol~! [20]. SEM and EDS results have
shown that this oxide was present at the internal interface
and along the metallic grain boundaries (see Figs. 3 and 4).
It was not detected after 30 h of oxidation owing to its low
amount under the oxide scale at this oxidation stage.

Discussion

Kinetic results have been obtained for AISI 316L SS
between 800 and 1,000 °C. The parabolic behaviour was
always followed in this temperature range. This permitted
the calculation of the parabolic rate constants k, at each
temperature (see Table 2).

The activation energy (E,) was calculated from the
slope of the Arrhenius plots of the k, values, E, = 220 +
30 kJ mol™'. This value is close to the one generally
encountered in the literature when Cr,Oj3 is formed on the
alloys in this temperature range [21, 22]. This activation
energy is in good agreement with the SEM cross section
observation (Fig. 3) and in situ XRD (Fig. 5) showing that
the scale was mainly composed of a continuous chromia
scale, which acted as a diffusion barrier. Inside the scale,
silica was not detected by XRD due to its amorphous state.
Figure 6 shows that molybdenum was detected by XRD as
NiMoO, (JCPDS 33-0948) after 90 h of oxidation at
900 °C. According to our results, the good kinetic
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Fig. 4 EDS spectra obtained on
the cross section of AISI 316L

SS oxidized at 900 °C in air for
90 h
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behaviour appears to be mainly due to the absence of iron
oxides in the scale (Fig. 5).

The scale surface and cross section micrographs (Figs. 2
and 3), also revealed that the oxide scale was adherent to
steel substrate. Silicon and molybdenum have been found
along the steel grain boundaries and molybdenum was
detected alone at the metal/oxide interface (Fig. 4). We
have also observed a keying effect between the scale and
the metallic matrix due to the growth of internal oxide
protrusions (Fig. 3). Our results obtained at 900 °C are in
accordance with those of Sobral et al. [8], which studied
the AISI 316L SS oxidation between 700 and 900 °C.
These authors have also shown the presence of
(Mn, 5Cr; 5)04 and Cr,O5 after long exposure tests at
900 °C.

Influence of silicon

For the AISI 304 SS specimens oxidized at 900 °C, Riffard
et al. [19] have shown that after 90 h of oxidation, the scale
was composed of a thick non-adherent oxide scale. In situ
X-ray diffraction analyses have shown that the oxide scale
formed on AISI 304 SS was composed of iron-containing
oxides such as FeCr,O4, Fe,05;, Fe;SiOy and
Mn, 5Cr; 50O4. These authors proposed that at 900 °C, the
Fe,;SiO;( phase was responsible for the relatively poor
oxidation behaviour of AISI 304 SS by hindering the
protective silica formation at the internal interface [19]. For
the same oxidation temperature, the AISI 316L SS speci-
mens showed a much better oxidation behaviour
concerning the scale structure (no iron oxides) and
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Fig. 5 In situ XRD patterns obtained from the AISI 316L SS sample
during isothermal oxidation at 900 °C in air
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Fig. 6 XRD performed on the AISI 316L SS sample after 90 h of
isothermal oxidation at 900 °C in air

Table 2 k, values obtained on AISI 316L SS between 800 and

1,000 °C

Temperature kp (g2 cm 4 s7h
800 °C 40 + 1071
900 °C 1.9+ 1071
1,000 °C 26+ 10712
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adherence (keying effect). The main difference between
the oxidation behaviour of AISI 304 and AISI 316L steels
appears to be related to the presence of increased levels of
molybdenum in the AISI 316L SS specimens compared to
the AISI 304 SS specimens. Molybdenum is generally
added to the AISI 316L as a solid-solution strengthener.
Nevertheless, with respect to the oxidation resistance,
molybdenum can be undesirable because MoOj3 tends to
volatilize or melt at high temperatures [7].

For chromia-forming alloys, the role of silicon as a
protective element has been more extensively examined.
Even though too high an amount of silicon is considered to
be detrimental for the steel mechanical properties [23], its
addition generally improves the steel oxidation resistance
of the steel. Some authors [24—-26] have stated that silicon
segregates to the oxide/alloy interface and blocks the iron
cationic diffusion. Silicon is then supposed to be present as
a silica film, which lowers the oxidation rate of the steel.
The high oxygen affinity of silicon permits its internal
oxidation, developing SiO, precipitates along the alloy
grain boundaries [27, 28]. Thus, silica acts as a diffusion
barrier and leads to a keying effect of the chromia scale on
the substrate [29, 30]. Silica will lower the porosity at the
internal interface acting as vacancies sinks [31]. Silicon
also reduces the amount of non-protective iron oxides
inside the scale [32] and hinders the iron-rich nodule for-
mation [25]. It has been shown by Paul et al. that during
the oxidation of a AISI 304-type SS between 900 and
1,000 °C, a maximum of 0.88 wt% silicon content led to
the formation of a chromia scale. It should be noticed that
the studied steel was manganese-free and that the com-
parison with manganese-containing steels is then not very
easy [33]. On the other hand, it appears that too high an
amount of silicon induced more scale spallation between
the alloy and the silica scale or at the silica/chromia
interface [26]. This is the reason why silicon is rarely
added at levels of more than 1 wt%. One should also note
that the presence of chromium is necessary to avoid the
fayalite Fe,SiO, formation, which is a very poor diffusion
barrier [34, 35]. According to Stott et al. [35], the neces-
sary amount of silicon needed to the SiO, formation can be
lower when the chromium content increases.

Role of molybdenum

Our results showed that at 900 °C, molybdenum was
detected at the internal oxide-metal interface. The absence
of Mo in the outer part of the scale may be the result of the
volatility of surface MoO; oxides (Figs. 3 and 4). It should
also be noticed that at 900 °C, the temperature seems to be
sufficiently low to avoid the complete molybdenum vola-
tilization from the steel surface [7] and permit the NiMoOy,
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detection by XRD after 90 h of oxidation (Fig. 6). It can be
envisaged that the NiMoO, formation at the internal
interface does not need the previous formation of NiO and
MoOQO, but can be the result of a direct combination of the
elements under the low oxygen dissociation pressure under
the Cr,03 scale.

It has been proposed that a Mo—Si—O amorphous phase
(not detectable by XRD) could form instead of SiO, and
will show better protective properties [36]. At 900 °C, the
effect of an amorphous phase cannot be envisaged at the
oxide/steel interface because silicon has not been detected
at this place. As observed on Fig. 3, the good scale
adherence seems to be better related to a pegging effect at
the internal interface. Then, internal oxidation leading to
the pegging effect appears to be promoted by the presence
of molybdenum detected by EDS at the internal interface
(Figs. 3 and 4).

Even though they contain similar silicon contents, AISI
316L SS shows a relatively better behaviour compared
with AISI 304 type steel at 900 °C; chromia scale adher-
ence is improved and iron-containing oxides are not
formed (Fig. 5). This is due to the 2 wt% molybdenum
content of the AISI 316L SS. Other authors have shown
that a limited amount of silicon can be added to the alloys.
The addition of molybdenum permits addition of a higher
content of protective element to the 0.5 wt% silicon gen-
erally introduced in such SSs. Then, 2 wt% molybdenum
shows a quantitative effect on the AISI 316L SS oxidation
protection without the over-doping effects encountered
with the high silicon contents [26].

Moreover, spectrum 2 on Fig. 4 indicates that silicon is
not present at the internal interface. Spectrum 3 on Fig. 4
shows that silicon and iron are present inside the scale. It
could correspond to the formation of an iron silicate
(Fe;Si0;() as was observed on AISI 304 SS specimens
[19-21]. Nevertheless, our XRD results did not permit
showing the presence of such an iron silicate inside the
oxide scale formed on AISI 316L, probably due to its too
low amount. Thus, it is proposed that the main effect of
molybdenum at 900 °C is to replace silica at the internal
interface. It then hinders the massive outward iron diffu-
sion and the poor oxidation behaviour generally observed
on molybdenum free alloys. The scale adherence is
improved by a keying effect at the internal interface.

Conclusion

In situ X-ray diffraction was used to identify the oxides
formed on the AISI 316L SS during isothermal oxidation at
900 °C in air. Our results showed the presence of
Mn; 5Cr; 504, (JCPDS 33-0892) and Cr,O; chromia
(JCPDS 38-1479) growing simultaneously on the specimen

surface. SEM cross-section observations revealed that the
relatively high Mn,; 5Cr; 504 peak intensity was not due to
a high proportion of this oxide in the scale but due to the
location of this oxide at the external interface. No phase
transitions or scale spallation was observed during cooling
to room temperature. The XRD results showed that no iron
oxides are formed on AISI 316L SS at 900 °C.

A comparison with the results obtained for AISI 304 SS
enabled the role of molybdenum on the oxidation process
of AISI 316L SS (containing 2 wt% Mo) to be examined. It
was shown that molybdenum plays a protective role.
Moreover, it is possible to add a high content of molyb-
denum in SS compared to the silicon level generally used.
This high protective element content hindered the iron
outward diffusion and led to the lower growth rate and
better scale adherence. The good scale adherence was also
related to a keying effect at the internal interface. At
900 °C, Mo was mainly located as a NiMoO,4 mixed oxide
at the internal interface and along the steel grain bound-
aries. It is proposed that the main protective effect of
molybdenum is to replace the missing silica scale at the
internal interface during oxidation of this alloy at 900 °C.
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