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a b s t r a c t

Two austenitic stainless steels, AISI 304L and AISI 303, were submitted to cyclic oxidation and to static
mechanical loading after isothermal oxidation at 1000 ◦C. Alloy 303 contains ten times more S than 304L
and some Mn addition. During the steel process, it formed manganese sulfides that lead to the formation
of a less resistant oxide scale. Both alloys showed similar behavior during thermal cycling but breakaway
oxidation and intensive spallation occurred much sooner for alloy 303 than for alloy 304L. A correlation
eywords:
tainless steel
hermal cycling
xidation

nterfaces

could be drawn between tensile test on preoxidized samples, isothermal and cyclic oxidation.
ulfur

. Introduction

Maintaining good adhesion of the protective oxide layer on the
urface of heat-resistant alloys is crucial for long-term cyclic oxi-
ation resistance. Negative effect of S on the adherence of oxide
cales grown on alumina or chromia forming alloys after high tem-
erature isothermal or cyclic oxidation have been widely studied
nd are known to be a major cause of protective layer failure [1–5].
t was shown that S segregates to free surfaces of voids and cavities
ormed beneath the oxide scale, further promoting the weakening
nd consequently the delamination of the metal/oxide interface [6].
n the other hand, calculations and experimental investigations
emonstrated the presence of S segregations also at intact inter-
aces [4,7] and at oxide grain boundaries, which affects the oxide

rowth mechanism [8]. For chromia scales, the prevailing effect of
cale failure appeared to be the interfacial morphology associated
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with growth stresses, whereas S segregation at the interface is only
a secondary effect [1,8].

Most industrial stainless steels contain S to improve steel
machinability. S is considered as a detrimental element not only
for oxide layer adhesion but also for hot ductility which is essential
for forging and rolling. Therefore Mn is added in steels to avoid
iron sulfide formation (FeS) which are non-deformable harmful
inclusions. S is then trapped by Mn and precipitates as Mn sul-
fides in the liquid state and during solidification. These inclusions
exhibit a lower hardness than Fe sulfides at high temperature and
are elongated during hot rolling. At high temperature, the equilib-
rium between S in sulfides and S in solid solution in the Fe–Ni–Cr
matrix is established, this controls the concentration of “free” S.
During the high temperature oxidation of steels, oxidation of Mn
sulfides can also free some additional S which can diffuse to the
metal surface. This can change the metal/oxide interfacial behav-
ior and decrease the adherence of the growing oxide layer. A more
subtle mechanism was recently proposed in a companion paper
[9]. Indeed, it was shown that when MnS precipitates are oxidized,

some S is released and reacts with Cr to form Cr oxysulfides. There-
fore the quantity of Cr available for the formation of a protective
chromia scale becomes insufficient. Consequently, an accelerated
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Table 1
Chemical composition of austenitic stainless steels AISI 304L and AISI 303 (wt.%).

Steel Ni Cr Mn Mo Si C S N O Ca
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AISI 304L 8.96 18.0 1.13 0.40
AISI 303 8.28 17.1 1.75 0.40

xidation of the depleted alloy occurs (breakaway), leading to an
xide scale with poor mechanical properties.

To predict oxide scale lifetime before spallation, it is neces-
ary to know the oxide/metal interface adhesion and the oxide
cale mechanical behavior. The methods used to measure them
re similar to the ones developed for brittle film on ductile sub-
trate. Some of them are very simple to perform because they
o not require any sample preparation, like indentation [10] or
cratch test [11–13]. Nevertheless, those methods often lead to
emi-quantitative information. Moreover, the oxide surface rough-
ess can be an issue. Other methods called “sandwich specimen”
ethods, such as 4-point bending tests [14] for example, lead to
ore accurate measurements of the oxide/metal adhesion but they

equire more sample processing. In particular, a dummy substrate
as to be glued onto the surface of the oxide. This bonding can
ecome prohibitive: sometimes no measurement can be obtained
ecause decohesion occurs in the adhesive bond instead of the
xide/metal interface. Finally, some adhesion measurements con-
ist in imposing uniaxial tensile strain on the oxide film while
bserving the oxide surface with a microscope [15,16]. During such
n situ SEM, mechanical tests the oxide scale can exhibit trans-
erse cracks and/or spallation areas. Based on the quantification of
hose damages, the mechanical properties of the oxide scale such
s toughness and adhesion, can be evaluated [17,18]. Nevertheless,
ike in all the other techniques described here, the knowledge of
he residual stress in the oxide scale due to its growth is needed to
ccurately quantify those properties [19].

It was shown that cyclic continuous thermogravimetry analy-
is (CTGA) is a fast way to obtain an evaluation of the material
esistance to cyclic oxidation and to compare the performance of
ifferent materials [20]. This technique combines the assessment
f the oxidation kinetics and the assessment of the resistance to
hermal cycling with associated stresses. It is therefore interesting
o try to correlate CTGA results with isothermal oxidation kinetics
s well as with the evaluation of the mechanical properties of the
xide/metal system. The main objective of the present study is to
nvestigate the oxide/metal interfacial behavior during high tem-
erature cyclic oxidation of austenitic stainless steels in relation
ith the static mechanical loading of pre-oxidized samples. The
content is used as a sensitive parameter influencing the growth
inetics and mechanical resistance of the oxide scale.

. Experimental procedure

.1. Materials and methods

Two austenitic stainless steels AISI 304L and AISI 303 provided
y Ugitech were chosen as substrates. The alloys were produced by
ontinuous casting and bars of 20 mm were made by hot rolling.
hese bars were then cold drawn with a 15% reduction of the
ection. The chemical composition of the investigated materials
as controlled by Fluorescence Spectroscopy Analysis and Optical

mission Spectrometry equipped with a gas analyzer. The amount
f minor elements in both steels was controlled to make sure their
oncentrations were similar. They were, except for S and Mn. AISI

04L contains 0.025 wt.% of S and 1.13 wt.% of Mn, whereas the
ISI 303 steel contains 0.295 wt.% S and 1.75 wt.% Mn. A difference

n carbon content can be noticed, with a higher concentration for
lloy 303. Alloys compositions are given in Table 1.
0.021 0.025 0.048 0.010 0.005
0.055 0.295 0.035 0.015 0.013

In order to characterize the microstructure prior to oxidation
testing, optical microscopy has been performed on the cross sec-
tion of the samples. Samples have been electrolytically etched in
an 85% nitric acid solution for 10 s at 20 mA cm−2 to reveal man-
ganese sulfides MnS (in black in Fig. 1b, d) and residual �-ferrite
(in grey in Fig. 1b, d). They were etched in the same solution for
40 s at 20 mA cm−2 to reveal grain size (Fig. 1a, c). For AISI 304L, the
mean grain size is around 30 �m, and around 22 �m for AISI 303.
The main difference between the two microstructures lies in the
presence of numerous inclusions of MnS in the AISI 303 due to its
higher S content. After etching, Mn sulfides appear in black in Fig. 1.
As these inclusions are highly deformable at rolling process tem-
peratures, they also indicate the longitudinal axis of the sample.
As the solidification starts in the �-ferrite phase, we also observe
some residual ferrite that has not transformed into austenite during
solidification. These ferrite islands have also been deformed during
hot rolling. AISI 304L shows slightly more ferrite (∼2%) than AISI
303 (∼1%) as a direct consequence of the chemical composition of
the two grades.

2.2. Samples preparation

Specimens were obtained from 22 to 24 mm diameter rods.
Rectangular plates were cut in the longitudinal direction by electri-
cal discharge machining. Parallelepipedic samples with dimensions
of 17 mm × 10 mm × 2 mm (Fig. 2) were machined for thermogravi-
metric tests. Prior to oxidation, all sides of the specimens were
ground with SiC paper, down to a final grade of P1200. All samples
were cleaned in an ultrasonic bath with acetone followed by high-
purity alcohol. They were weighed with an accuracy to within 10 �g
with a Sartorius ME balance before and after high-temperature
exposures.

Flat specimens for in situ SEM tensile tests were machined from
rectangular 1 mm thick plates using electrical discharge machining.
Fig. 2 shows the specimen geometry presenting a gauge section of
2 mm width by 1 mm thick and a gauge length of 3 mm. Prior to
oxidation, the tensile specimens underwent the same preparation
route as TG samples.

2.3. Experimental conditions

Tensile specimens were isothermally oxidized in a tubular fur-
nace at 1000 ◦C with a heating rate of 60 ◦C min−1. Synthetic air
flow rate was maintained at 0.6l h−1 corresponding to a linear flow
rate of 0.17 cm s−1 at RT.

Cyclic thermogravimetry analysis (CTGA) was applied to the
cyclic oxidation at 1000 ◦C on the same thermobalance than for the
isothermal thermogravimetry. A commercial SETARAMTM TAG 24S
thermobalance ensuring a sensitivity better than 1 �g was used.
The device has a double symmetrical furnace designed to com-
pensate signal disturbances resulting from gas flow, buoyancy and
convection. It is suitable for the accurate measurement of small
mass variations occurring during short oxidation tests or induced
by very slow-growing oxide scale such as alumina and chromia
scales. Through air flow modulation during a dummy isothermal

experiment, it was checked that the chosen synthetic air flow rate
was sufficient to leave the oxidation kinetics unaffected. CTGA not
only allowed the assessment of oxidation kinetics but also the mea-
surement of any oxide scale spallation occurring during specimen



Fig. 1. Microstructures of the AISI 304L (a, b) and AISI 303 (c, d) in the as-received condition (horizontal = direction of rolling i.e. longitudinal axis of the sample).
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Fig. 2. Geometry of in situ

eating or cooling. The thermal cycle consisted of a heating period
f 60 ◦C min−1 up to 1000 ◦C, followed by a dwell of 60 min at
000 ◦C and a cooling ramp with an initial rate of 60 ◦C min−1. The
otal duration of one cycle was 180 min. This experiment was car-
ied out under flowing synthetic air at the same flow rate used for
sothermal oxidation.

Pre-oxidized tensile specimens were loaded into a homemade
icromechanical device adapted into a JEOL JSM 6400 scanning

lectron microscope. This device permits the continuous obser-
ation at a microscopic scale of the damage mechanisms in the
xide layer. The straining system induces a symmetrical displace-
ent of the grips so the observation of the sample surface does not

equire refocusing nor recovery of the observation area. A displace-
ent rate of 100 �m min−1 was chosen. During one tensile test, the

niform central part of the sample was carefully observed. The dis-
lacement motion was interrupted in order to acquire images of
he sample surface. Sequential micrographs of the evolution of the
amage in the oxide layers have been collected according to the
pplied strain.

The oxidized samples were cross-sectioned and prepared for

etallographic analysis using conventional techniques, i.e. grind-

ng, polishing and fine polishing. Prior to mounting, the samples
ere coated with a thin epoxy resin layer to protect the oxide scale.

he morphology and microstructure of the oxide scales formed
and CTGA test specimens.

on steels was characterized using optical metallography, scanning
electron microscopy (SEM) on a LEO 435VP system as well as on
FEG SEM 7001F JEOL coupled with electron backscatter diffraction
system (EBSD). The chemical analysis by means of a PGT (imix-
PC) system for the EDS with real standards was performed as a
complementary study.

The oxide and substrate phase structures were identified by
X-ray diffraction (XRD) using a Seifert 3000TT and D8 Advance
diffractometers CuK� radiation. These characterizations were com-
pleted by Raman spectroscopy using a Renishaw RM1000 Raman
microscope.

3. Results and discussions

3.1. Corrosion behavior under isothermal oxidation

Isothermal oxidation kinetics at 1000 ◦C were already reported
in [9]. It was shown that some variations in mass gain occurred
during the oxidation process. Nevertheless, the calculation of the
parabolic constant calculated after the transient regime, using

the complete parabolic law [21], allowed to conclude that the
isothermal oxidation kinetics of alloy 303 were, in average, 5
times faster than the oxidation kinetics of alloy 304L. Indeed, the
parabolic constant after transient regime was between 1.1 × 10−5
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ig. 3. Surface SEM (a) and EDS spectra (b) of oxide scale isothermally grown on AI
spalled area.

nd 2.6 × 10−5 mg2/cm4/s for the AISI 303 alloy while it was
etween 1.6 × 10−6 and 6.6 × 10−6 mg2/cm4/s for the AISI 304L
lloy. Visual observation of samples after 50 h at 1000 ◦C and cool-
ng also showed a large extent of spallation on the AISI 303 sample,
ut almost none on AISI 304L. This fact was confirmed by TGA data
or AISI 303, for which a significant weight loss was observed dur-
ng cooling after buoyancy correction [9]. SEM surface view and
ocal EDS spectra of the oxide scale isothermally grown on AISI 303
or 50 h at 1000 ◦C under synthetic air are displayed in Fig. 3. Two
ones were studied: zone (1) corresponds to an unspalled area and
one (2) corresponds to a spalled area. On the EDS spectra, an oxy-
en peak is clearly identified in the spalled area, indicating that
pallation during cooling occurs inside the oxide scale.

The morphology of the oxide scales has been fully described in
companion paper [9], here, we only present results relevant for

he understanding of oxide scale mechanical and thermal cycling
ehavior.

Representative cross-sections of the oxide scales formed on the
urface of AISI 304L and AISI 303 alloys after 50 h isothermal oxi-
ation at 1000 ◦C are displayed in Fig. 4a, b. After 50 h at 1000 ◦C,
ISI 304 L steel presents a continuous and protective oxide layer
hereas breakaway oxidation happens for AISI 303 steel with a

hicker oxide scale and the formation of oxide gulfs, growing inward
10–15 �m deep into the metal), mainly composed of alternated
e-rich and Cr-rich oxide layers. The oxide scale on the AISI 303
teel contains more Fe and is more porous than the one on the AISI
04L steel. According to Raman spectroscopy, chromia Cr2O3 and
olid solution (Fe,Cr)2O3 as well as spinel MnCr2O4 are present in
he scale grown on AISI 304L. For AISI 303, different spectra were
ecorded depending on the analyzed zone: Fe-rich spinel type oxide
Fe,Cr)3O4 for the spalled region and Fe-rich corundum type oxide
e2O3 and (Fe,Cr)2O3 for the unspalled region.

Moreover, in the AISI 304L steel, internal oxidation of Si can be
bserved at the metal/oxide interface and along grain boundaries
n the metal to a depth of about 10 �m. From SEM cross sectioned
iews, the density of SiO2 intrusion along the grain boundaries was
valuated to 42 ± 3 mm−1. In the case of the AISI 303 specimen, SiO2
s also present in the area where the oxide grew inside the metal:
iO2 thin films can be distinguished between the layers. Oxidation
f Si at the metal/oxide interface or inside the metal matrix has been
lready reported in the literature [22–24]. SiO2 is a stable oxide at

hose high temperatures and for this composition and Si oxidation
s possible due to the diffusion of oxygen inside the metal matrix,
articularly along the SiO2/metal boundaries and due to the diffu-
ion of Si in the metal towards the tip of the SiO2 intrusions. Grain
for 50 h at 1000 ◦C under synthetic air: (1) refers to an unspalled area (2) refers to

boundaries being short cut path for diffusion, the SiO2 intrusions
along grain boundaries grow to a greater depth there than inside
the grains.

In the metal, some phase changes are also observed after isother-
mal oxidation. The presence of a BCC phase after oxidation of
austenitic stainless steels has already been reported and its origin
has been discussed. It may be attributed to ferrite due to the local
composition change of the steel just below the oxide layer [25] or
to BCC martensite [26,27].

In the case of AISI 304L steel, chromium depletion occurred
at a depth of 10–15 �m and along the grain boundaries of for-
mer austenite. EBSD observations (Fig. 4c) shows that about two
rows of austenite grains transformed into martensite below the
oxide/metal interface. This transformation probably occurred dur-
ing the cooling to room temperature and may be due to depletion
in Cr but also Mn and Si. Indeed, martensite formation in austenitic
stainless steel has already been observed and attributed to an
increase of the Ms temperature due to the depletion in some ele-
ments like Cr or Mn [26,27]. In the AISI 303 steel, austenite to
martensite transformation can also be observed but to a lesser
extent than in the AISI 304L (Fig. 4d). In the first row of grains under
the oxide/metal interface only some martensite laths are observed
within the austenite grains.

Consequently, even if AISI 303 and AISI 304L have similar chem-
ical compositions, except for the S content, their oxidation behavior
differ. While AISI 304L still exhibits a fairly protective oxide scale
after 50 h at 1000 ◦C, AISI 303 presents a catastrophic behavior
characterized by a high oxidation rate and spallation. Breakaway
oxidation of AISI 303 has been previously explained by a mech-
anism involving the MnS precipitates close to the metal/oxide
interface [9].

3.2. Mechanical testing

In situ SEM tensile tests were driven on the isothermally oxi-
dized steels (50 h at 1000 ◦C). The two stainless steels exhibit
similar stress–strain curves (see Fig. 5) even if the AISI 303 steel
seems to have a slightly higher hardening rate. Nevertheless, the
behavior of the oxide layers were quite different (see Fig. 6). While
we observed transverse crack initiation and growth in the oxide
scale for both steels, the crack patterns were different. In both cases

the cracks grew perpendicular to the tensile direction, but while
cracks in the oxide scale of the AISI 303 steel propagated straightly
(Fig. 6b), the ones in the AISI 304L steel looked like waves (Fig. 6c).
During the in situ SEM tensile tests, cracks are observed earlier in



Fig. 4. Representative cross-sections (transversal axis of the samples) of the oxide scales formed on the surface after 50 h isothermal oxidation at 1000 ◦C under flowing
synthetic air and EBSD map of crystallographic orientation of the oxidized steels AISI 304L (a, c), AISI 303 (b, d).
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Fig. 5. Stress-strain curves of AISI 303 an

erms of strain on the AISI 303 surface (at about 1.6% strain) than
n the AISI 304L one (about 3.4% strain).

Spallation occurs in the oxide scale in the AISI 303 steel (Fig. 6d),
ut not in the AISI 304L steel. Fig. 6d, f shows that spallation
ccurred near the metal–oxide interface since the bare metal
bright points) can be distinguished on the surface. Nevertheless,
ome oxide remains on the fracture surface. It might be the oxide
ulfs penetrating in the metal (Fig. 4b) that are entrapped. Crack
ropagation was easier across those gulfs than it was through the

nterface around them. In the AISI 304L steel, instead of oxide scale

pallation, the transverse cracks opened due to the ductile defor-
ation of the underneath substrate. At the end of the test, when

he cracks were wide enough, bare metal could be seen at its root
Fig. 6e).
I 304L steels obtained during tensile tes.

In order to quantify the damage of the oxide layers, the crack
density was measured using the intercept method. A line of a given
length is digitally superimposed over the image parallel to the ten-
sile direction. Intercepts are counted every time a crack intercepts
with the line. Then the density is simply obtained by dividing the
counts by the line length. 5 lines per image were performed and the
average density was calculated. The results are reported in Fig. 7
where the evolution of the crack density as a function of longitu-
dinal strain is plotted. In both steels, the crack density increased
during the tensile loading till reaching a saturation value. Such a

behavior has been already observed in brittle thin films for a more
ductile substrate [17,28,29]. For the AISI 303 sample, the saturation
part of the curve is not complete because the important spallation
of the oxide scale makes the crack density difficult to measure for



F durin
a .6 % s
(

l
s
d

ig. 6. Surface observations (SEM, back-scattered electron mode) of the oxide scale
t 1000 ◦C (horizontal = tensile direction): (ɑ) AISI 304L—3.4% strain; (b) AISI 303—1
end of test); (f) AISI 303—41% strain (end of test).
arger strain values. But we can notice that the cracking of the oxide
cale of the AISI 303 steel is more severe: cracking begins earlier
uring the tension test, crack density increases faster and the sat-

Fig. 7. Crack density evolution
g tensile test of AISI 304L (a, c, e) and AISI 303 (b, d, f) stainless steel oxidized 50 h
train; (c) AISI 304L—17% strain; (d) AISI 303—17% strain; (e) AISI 304L—43% strain
uration value is higher than for the AISI 304L steel. The evolution
of the crack density as a function of the longitudinal strain can be
fitted with an empirical expression [17]:

during in situ tensile test.



Table 2
Crack density evolution law parameters.
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AISI 304L 0.025 19 0.64 11
AISI 303 0.004 35 0.32 4.5

d (�) = dsat
{

1 − exp[−A(� − �c)n]
}

(1)where dsat is the crack
ensity at saturation, �c the critical strain for the cracking of the
lm, and A and n are constants. dsat is determined by experimental
easurement. �c is obtained by an extrapolation at d = 0. A and n

re obtained by fitting the linear plot of ln(−ln(1 − d/dsat)) as a func-
ion of ln(� − �c). The parameters obtained for the two samples are
iven in Table 2. Those parameters reflect what can be observed on
he graph and confirm a more brittle behavior of the AISI 303 oxide
cale: lower critical strain for crack initiation �c and higher satura-
ion density of cracks dsat. The values for the n exponent found here
re similar to the ones obtained in a previous work on passivation
lms deposited on an aluminum substrate [17].

So, both oxide scales exhibit a similar cracking behavior com-
osed of three stages: crack initiation, increase in crack density
nd finally saturation, i.e. strain without additional cracks. Nev-
rtheless, cracking mechanisms are different for each steel. For
ISI 304L, crack initiation appears more difficult and happens for
higher strain value. From cross-section observations after ten-

ile testing (Fig. 8a), the transverse cracks in the oxide layer can be
inked to grain boundaries in the metal underneath. So in this case,
he cracks may initiate at the metal/oxide interface, facing grain
oundaries. Those grain boundaries are themselves embrittled by
he growth of SiO2 oxides. If the cracks grow from the interface up
o the surface, this explains their wavy-shape because they follow
he morphology of the grain boundaries underneath. In the AISI
03 specimen, the cracks initiate for a lower strain value and most
robably from internal flaws in the porous Fe-rich oxide. The cross
ection in Fig. 8b shows that grain boundaries in the metal also
pened during the tensile test, however, here, transverse cracks in
he oxide scale grew not only facing these opened grain boundaries
ut also between them. Finally, in AISI 303 the porosity of the oxide
cale also eases the cracks’ growth, they can therefore propagate in
traight lines, perpendicular to the tensile direction.

Saturation mechanisms also are different in the two steels. In
he AISI 303, the crack density saturates at the onset of the oxide
cale spallation. In the 304L no spallation occurs. Nevertheless, at
ome point, localized plastic deformation of the metal at the crack
oot happens, diminishing the strain transferred to the oxide film.
s a result, there is not enough available energy for new cracks to

nitiate [30]. Those results confirm that the Cr-rich thinner oxide
cale thermally grown on AISI 304L is more protective, since it
s more resistant and more adherent to the metal than the oxide
cale grown on AISI 303. This is consistent with observations on
he behavior of the two steels during isothermal oxidation and can
e linked to their difference in S concentration. The higher S content

n the 303 steel induces MnS precipitates in the metal with a higher
ensity and larger size than in the 304L steel. During the oxidation
reatment, MnS precipitates located near the metal/oxide interface
xidize into Mn, Cr rich oxysulfides thus leading to a local depletion
n Cr that promotes breakaway oxidation in 303 steel [9].

.3. Cyclic oxidation

A detailed analysis of cyclic thermogravimetry data of both
teels was carried out to compare it with damaging behavior of

xide scales during tensile tests of isothermally pre-oxidized spec-
mens.

The Net Mass Change (MNMC), i.e. the mass change of the sam-
le with its adherent oxide scale but without the spalled oxides,
as a function of the number of cycles for AISI 303 and AISI 304L
samples are compared in Fig. 9. Oxidation kinetics data includes
the mass gain due to oxidation (uptake of oxygen) and the mass
loss due to spalling (loss of oxide). Results show the similar cyclic
oxidation behavior of the two steels. Indeed, the general shape of
the curves is identical. Nevertheless, for AISI 303 steel, the initial
oxidation rate was higher and spallation events began earlier than
for AISI 304L. The cyclic oxidation behavior revealed the expected
improvement in scale retention as the S content decreased. After
55 cycles, the AISI 303 alloy sample underwent significant oxide
spallation and drastic loss of oxide scale after 73 cycles, whereas
the same phenomena both occurred at 110 cycles for the AISI 304L
alloy. The lifetime is approximatively doubled between AISI 303
and AISI 304L. It can also be seen that the breakdown of the oxide
scale occurs for a higher MNMC for alloy AISI 304L, which means
that AISI 304L is able to retain a thicker oxide scale than alloy AISI
303.

A second observation is that the oxidation kinetics are not
parabolic for both alloys. For alloy AISI 304L, the initial MNMCshape
is apparently parabolic up to 15 or 20 cycles before becoming lin-
ear. For alloy AISI 303, apparent linear kinetics is found after only
a few cycles.

Cyclic Thermogravimetry Analysis (CTGA) [20] allows to calcu-
late other characteristical values of the cyclic oxidation kinetics,
based on the continuous measurement of the net mass change
MNMC. The gross mass gain (MGMG—i.e. the mass variation of the
oxidized sample plus the mass of the spalled oxide), the aver-
age oxide scale thickness (en), and the average thickness of the
metal consumed can be calculated as a function of the number of
cycles“n”.

By definition, the net mass change per unit area of sample sur-
face is simply the measure of the mass variation given by the
thermobalance. To measure two phenomena, i.e. the mass gain due
to oxidation and mass loss due to oxide spallation, two mass val-
ues are necessary for each cycle. It was chosen to name the data
at the beginning of the high-temperature dwell n, Mn

bg, and at the
end of the high-temperature dwell n, Mn

end. These two masses are
measured at the same temperature, therefore there is no variation
of buoyancy between them. The net mass change at cycle n, MNMC,
can be simply defined as:

MNMC
n = Mend

n (2)

The gross mass gain can be calculated using the two MNMCvalues
recorded for each cycle. If we neglect the oxidation during heating
and cooling, the gross mass gain per unit area of sample surface at
the end of cycle n MGMG

n is simply the sum of all mass gain during
high temperature dwells:

MGMG
n =

n∑
j=1

(
Mend

j − Mbg
j

)
(3)

The evaluation of the average thickness of the oxide scale after n
cycles, en, can be done through the determination of the mass of
the adherent oxide scale per unit area of sample surface (MAOX

n ):

MAOX
n = Mbg

n+1 +
(

1
r

− 1
) n∑

j=1

(
Mend

j − Mbg
j

)
− Mbg

1 (4)

where r is the ratio between the mass of oxygen in the oxide and
the mass of the oxide. When the mass gain due to oxidation dur-
ing heating and cooling cannot be neglected compared to the mass

gain during the high temperature dwell, it is necessary to take
into account the buoyancy effect during the temperature transients
[31].

The average oxide scale thickness is given by:



Fig. 8. Micrographs of the steels after isothermal oxidation 50 h at 1000 ◦C and tensile testing: AISI 304 L transverse axis of the sample (a); AISI 303 cross-section along
longitudinal axis of the sample (b); AISI 303 cross-section along transverse axis of the sample (c).
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Fig. 9. Cyclic oxidation behavior of AISI 303 and AISI 304

en = MAOX
n
� (5)where � is the density of the oxide. Assuming that

he oxide scale is mainly Cr2O3, � = 5.2 g/cm3.
The resulting values for AISI 303 and AISI 304L are plotted in

ig. 10 as a function of the number of cycles. The oxidation during
he non-isothermal periods was neglected compared to the oxida-
ion during the high temperature dwell. This approximation leads

o a small error, as can be seen in Fig. 10b (AISI 304L), where the
ross mass gain and the net mass change curves cross while the
ross mass gain should be equal to the net mass change in the
bsence of spallation and higher than the net mass change when
les at 1000 ◦C and thermal profile of the first two cycles.

spallation occurs. This shows that the gross mass gain is slightly
under-evaluated, especially for alloy AISI 304L which exhibits more
oxidation during heating than AISI 303 (Fig. 10a), and the same
observation can be made for the evaluation of the average thickness
of the oxide scale.

Despite this slight approximation, it can be clearly seen from the
graphs that the oxide scale thickness increases almost linearly after

about 5 cycles for AISI 303 and after 20 cycles for AISI 304L. Break-
away occurred at 5 and 20 cycles respectively, meaning that the
oxide scale does not offer a good diffusion barrier and that oxidation
kinetics is controlled by the reaction rate. The average oxide scale
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ig. 10. Net Mass Change (NMC), Gross Mass Gain (GMG) and average oxide scale
ycling at 1000 ◦C.

hickness continues to grow up to about 15 �m (certainly slightly
ore for AISI 304L due to the approximation) where it becomes

onstant. The oxidation regime with a constant average oxide scale
hickness corresponds to the stationary kinetics resulting from the
ompensated effects of oxidation and spallation during each cycle
20]. After 73 cycles, a complete breakdown of the oxide scale for
lloy AISI 303 is observed.

In order to understand the effects of thermal cycling, results
ere compared with those obtained from isothermal tests. The net
ass change curves obtained during 50 h and 150 h for isothermal

xidation of AISI 304L samples at 1000 ◦C and for 145 cycles of
h at 1000 ◦C under synthetic air flow for the same flow rate are
resented in Fig. 11.

Despite some dispersion of isothermal oxidation results, espe-
ially during the initial transient regime, it is clear that the net mass
hange curve obtained during cyclic oxidation shows faster oxida-
ion kinetics after the transient regime and up to 70 h. The fact that
he oxidation rate increases without any mass loss, indicates that
he oxide scale has been fractured without spalling, and that dur-
ng temperature transients, re-oxidation heals these cracks. This

ill be discussed more thoroughly in a coming paper.

At this stage, we can propose a first understanding of the effect

f thermal cycling on the oxidation kinetics. During isothermal oxi-
ation, a first stage of faster kinetics is observed before reaching a
ess (en) for AISI 303 (a) and AISI 304L (b) using thermogravimetry during thermal

protective parabolic behavior after 10–15 h (Fig. 11). During ther-
mal cycling, the same thing occurs at the beginning, but a few
cycles after the establishment of an oxygen diffusion barrier of a few
micrometers thick oxide (Fig. 10), fractures of the scale occur dur-
ing cooling inducing an enhanced re-oxidation during next heating
cycle and high temperature dwell. This causes the overall oxida-
tion kinetics to increase from a parabolic law to a linear law. The
oxide scale becomes thicker than for isothermal kinetics and such
enhanced oxidation kinetics eventually leads to the spalling of the
oxide scale. Spalling during isothermal oxidation does not occur
because of the absence of thermal stresses and because the oxide
scale is thinner than for thermal cycling. Nevertheless, as reported
in our previous paper [9], some spalling occurs during the final stage
of cooling of the 50 h isothermal experiment.

To determine the nature of the phases present in the scales after
cyclic oxidation, the surfaces and the cross-sections of specimens
of both alloys were characterized using SEM-EDS. These analyses
were carried out after 89 (AISI 303) and 145 (AISI 304L) cycles, after
the breakdown of the protective oxide scale as shown previously.
Cross-section analysis (Fig. 12) shows that the interface between
oxide and metal is very rough. Nevertheless, the observation is con-

sistent with the calculated average scale thickness of 15 �m before
breakdown (calculated from the total amount of oxide in relation
to the surface area of the sample).



Fig. 11. Net Mass Change of AISI 304 L samples oxidized during 50 h (304 L-1, 2) and 150 h (304L-3) in isothermal condition at 1000 ◦C and during 145 cycles of 1 h at 1000 ◦C
under synthetic air flow for the same flow rate. Mass gain during heating and cooling is not included.
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ig. 12. SEM cross-sections of AISI 304L (a) and AISI 303 (b) steels after cyclic oxida
ISI 303 (d): Cr K� in green, Mn K� in red, Mn + Cr in orange, Si K� in blue. For int
eb version of this article.

According to Fig. 12, the internal part of the oxide layer (green
n Fig. 12c, d) is a Cr-rich oxide. The external part of the oxide is

n-rich (light orange in Fig. 12c, d), probably the spinel type oxide
Mn,Fe)Cr2O4. The formation of internal more stable oxide, SiO2,
as observed along the grain boundaries in the substrate and below

he duplex oxide scale (Si is blue in Fig. 12c, d).
The EDS-maps confirm the larger quantity of MnS precipitates

or AISI 303 alloy in comparison with AISI 304L. The increase in

umber and decrease in size of the S containing precipitates close to
he metal/oxide interface was also observed for AISI 303 (Fig. 12d).
t 1000 ◦C in air (after 145 and 89 cycles respectively) and EDS maps of AISI 304L (c),
ation of the references to colour in this figure legend, the reader is referred to the

XRD analyses were performed to identify the phases present on
the surface of the oxide scale after cyclic oxidation (Fig. 13). The
XRD analysis of the two oxidized steels showed the presence of
Cr2O3 and (Mn,Fe)Cr2O4 spinel in the oxide layers. FCC and BCC Fe-
rich phase related to the metallic substrate were also detected. The
presence of the BCC phase is related to martensite transformation.

During thermal cycling it seems that the cracks appear and fol-
low the brittle silica intrusions along the grain boundaries in a

zone of martensite transformation (Fig. 14). This transformation
occurred under the oxide layer in a Cr depleted zone due to selec-



Fig. 13. XRD analyses of AISI 304L and AISI 303 steels after cyclic oxidation at 1000 ◦C in air (after 145 and 89 cycles respectively).
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ig. 14. SEM cross-sections of AISI 304L and AISI 303 (b) steels after cyclic oxidatio

ive oxidation which was observed to a depth of about 60 �m (Figs.
2 c, d, 14).

Therefore, similar to what was observed for tensile test results,
he oxide scale behavior during the cyclic oxidation of both steels
an be divided into three stages. During the first stage the net mass
hange shape is parabolic up to the 20th cycle for AISI 304L and
bout the 5th cycle for AISI 303. This stage corresponds to oxidation
ithout cracking and establishment of an oxide diffusion barrier of
few micrometers thick.

During the second stage, the oxidation kinetic changes from
parabolic law to a linear law. The interpretation of this result

ppears to be embrittlement and crack formation in the metal
rain boundaries due to significant tensile thermal stress in the
etal during cooling. Consequently, enhanced oxidation has been

bserved during the following heating and high temperature dwell.
reep relaxation occurs at 1000 ◦C and continues a little bit dur-

ng cooling while the oxide is under compression and the metal
nder tension due to thermal expansion mismatch between the
xide scale and the substrate. When this occurs, at the end of the
ext heating, the oxidized grain boundary is under tension and
ay crack and open. This crack can propagate into the external

xide scale which is also in tension during heating. Moreover, the
resence of silica at grain boundaries in the substrate, with a huge

−6 ◦ −1
hermal expansion mismatch with the alloy (0.5–1 × 10 C for
iO2 and 13–15 × 10−6 ◦C−1 for the alloy), leads to intergranular
rack tips being under tension at the beginning of the heating
ecause of a leverage effect. This mechanism is more obvious for the
000 ◦C in air (after 145 and 89 cycles correspondently) and chemical etching.

AISI 304L alloy which is characterized by a large branched zone of
internal Si oxidation (Fig. 14). This is explained by the fact that the
external oxide scale is more resistant on alloy AISI 304L which leads
to a higher stress level in the substrate. For AISI 303, the external
scale presents more cracks causing a lower level of thermal stress
in the metallic substrate.

During the third stage, a significant oxide spallation followed
by a drastic loss of the oxide scale was observed for both steels,
but the lifetime was approximately twice as much for AISI 304L
than for AISI 303. This is the consequence of the kinetics of cyclic
oxidation observed in the second stage. It may also be accelerated
by a chemical breakaway observed sooner for alloy 303 than for
alloy 304L. Indeed, in a companion paper, it was proposed that
breakaway oxidation of AISI 303 was related with the presence of
numerous oxysulfide inclusions close to the metal/oxide interface
[9]. This explanation should be valid for the cyclic oxidation as well,
leading to enhanced oxidation kinetics and poor mechanical prop-
erties of the oxide scale and therefore to the large and fast decrease
in net mass change (MNMC

n ).

4. Conclusions

1. The oxide scale formed on the high S content AISI 303 steel is

less protective than the one on the AISI 304L steel. Both CTGA
and tensile tests show that the oxide scale cracks sooner on AISI
303. This corresponds to faster cyclic oxidation kinetics for AISI
303 and to a final catastrophic spallation of the oxide scale.
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[31] A. Raffaitin, D. Monceau, E. Andrieu, F. Crabos, Cyclic oxidation of coated and
. The weaker resistance of the oxide scale formed on AISI 303
stainless steel is proposed to be due to its higher S content,
through an indirect mechanism involving Cr trapping in Cr–Mn
rich oxysulfides which eventually leads to an Fe-rich oxide scale
with breakaway oxidation.

. SiO2 intrusions are observed along the alloy grain boundaries
which weaken them and facilitate crack initiation in both the
metal and the oxide scale during thermal cycling.
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