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a b s t r a c t

The spalling/cracking behaviour, at room temperature, of thermally grown oxide scales under tensile stress was

investigated using SEM in-situ tensile testing for two austenitic stainless steels with close composition except

their S content. A correlation between damage patterns, microstructure, mechanical and adhesion properties

of the oxide scales is proposed. The difference in microstructure evolution during oxidation between the two

steels is explained in relation with the volume fraction of MnS inclusions in the substrate (i.e. S content). Al-

though a direct effect of S content on the oxide scale adhesion is not evidenced, the metal/oxide toughness

seems strongly affected by oxides features such as scale thickness, Fe content and location of internal oxides

(SiO2 along the metal/scale interface or at the grain boundaries of the underneath substrate).
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1. Introduction

Austenitic stainless steels are widely used corrosion resistant mate-

rials associating toughness and weldability. The twomajor alloying ele-

ments of austenitic stainless steels are nickel, which allows the steel to

remain austenitic and to have the fcc-lattice ductility, and chromium

which is responsible for high temperature corrosion resistance. These

steels resist to rapid oxidation by the selective consumption of chromi-

umwhich form a slow growing chromia scale (Cr2O3). Chromia forms a

protective scale which hinders further oxidation thanks to its very low

diffusion coefficients for oxygen and metals [1]. Investigations related

to chromia-forming alloys containing Mn report the formation of a to

two-layered oxide scale composed of a dense and adherent inner

sublayer of chromia (Cr2O3) and an outer sublayer of MnCr2O4 spinel

type oxide [2–6]. Besides the minimum bulk concentration of Cr re-

quired to form a continuous chromia scale, adhesion and mechanical

resistance of oxide scale are key parameters for oxidation resistance of

chromia-forming austenitic stainless steels.

Minor elements, such as Si, Mn, C, N and S, are added to improve

steels properties but may be detrimental to their corrosion resistance.

Sulphur is added to improve machinability of stainless steels. The con-

tent of manganese is then increased in resulphurized steels to favour

the formation of MnS inclusions at the expense of non-deformable FeS

inclusions. Nevertheless, sulphur is also linked to deleterious effects

on adhesion of thermally grown alumina (Al2O3) and chromia (Cr2O3)

scales during isothermal or cyclic oxidation experiments performed

on alumina-forming or chromia-forming alloys respectively [7–17].

In-situ tensile testing at room temperature is commonly used to study

mechanical resistance of brittle coating on ductile substrate [18–21]. If

this method gains a new interest with investigations of thin film on flex-

ible substrate, it has been formerly used to study thermally grown oxide

scale [22–24]. This method consists in the observation of the oxide scale

surface (with optical method or in a scanning electron microscope)

while deforming the oxidized metal using a uniaxial tensile device.

After cooling to room temperature, thermally grown oxide scales are

usually in a compressive stress state due (i) tomainly “thermal stresses”

originated from mismatch of thermal expansion coefficients of oxide

scale and metallic substrate and generated during cooling from the ox-

idation temperature and (ii) to oxides “growth stresses” related to
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strain in the oxide scale that builds up during its growth at oxidation

temperature. During tensile testing, these residual compressive stresses

are firstly relieved in the loading direction before tensile stress is actual-

ly generated in the oxide scale. Whereas tensile stress builds up in the

loading direction, compressive stress is also generated in the perpendic-

ular direction. In direction perpendicular to the tensile loading, the

metal substrate contracts: first, because of Poisson's effect in the elastic

domain, then due to volume conservation in the plastic domain. Be-

cause of the difference in mechanical behaviour between the oxide

and the metal, this contraction results in a compressive stress in the

oxide scale. Even if the level of this compressive stress is low compare

to the ones generated during the oxidation process and the cooling to

room temperature, it adds up to those residual stresses and allows

reaching critical value for damage initiation and growth. Thus, even if

after the oxidation thermal cycle residual stresses did not lead to dam-

ages in the oxide scale, the uniaxial tensile deformation brings just

enough extra stress to initiate damages. Various damage patterns can

then be observed at the surface of the oxide scale: not only cracking

due to tensile stress but also spalling.

Spallation may occur according to different mechanisms similar to

those due to residual stresses during oxidation thermal cycle [25]:

(i) If the tensile stress in the loading direction leads to failure of the

oxide scale by through-thickness cracks, then stress redistribu-

tion results in shear stress at the metal/oxide interface at crack

edge [25,26]. This shear stress may lead to crack deviation to

the metal/oxide interface [27].

(ii) Compressive stress in the direction perpendicular to the loading

direction may also lead to spallation according to two mecha-

nisms depending on the relative toughness of the oxide compare

to the metal/oxide toughness: wedging or buckling [25]. If the

oxide is weak and the interface strong, the oxide will first fail

under shear-compression stress and then, as compressive stress

increases, the wedges of the crack forming a 45° angle will slide

on one another and lead to a gradual decohesion of the interface.

If the oxide is strong and the interface is weak, the interface will

delaminate first, allowing the oxide to buckle, then, because of

the tensile stress generated by the buckling, the oxide will fail.

This iswhy various damage scenarii are observed during tensile test-

ing of brittle coating on ductile substrate. Most often, authors report

transverse cracks in the coating with an increasing density of cracks

until reaching a saturation value when spallation takes place [19].

Sometimes saturation is reachedwithout any spallation: in this case sat-

uration is due to localized deformation in the ductile substrate

preventing stress transfer to the coating [21,28].

In this paper, the spallation/cracking behaviour of thermally grown

oxide scales under tensile stress was investigated for two austenitic

stainless steels with close composition except their S content: AISI

304L (250 wppm S) and AISI 303 (2950 wppm S). Surfaces of oxide

scale thermally grown on specimens were observed using scanning

electron microscope (SEM) during tensile testing performed at room

temperature. Cross-sections of oxide scale before and after tensile test-

ing were observed using SEM to understand the scenario of oxide scale

damages.

2. Materials and Methods

Austenitic stainless steels, AISI 304L and AISI 303, provided by

Ugitech France, were produced by continuous casting, hot rolling and

cold drawing. Their chemical compositions are reported in Table 1.

For as-received AISI 304L and AISI 303, themean grain size is around

25–30 μm(Fig. 1). MnS inclusions, appearing as black and thin filaments

in Fig. 1, can be observed in a greater amount in AISI 303 since the sul-

phur content in this alloy is ten times higher than in AISI 304L (Table 1).

These MnS inclusions, highly deformable at the temperature of the

rolling process, are oriented in theworking direction of the bar. Elongat-

ed residual δ-ferrite, appearing in grey in Fig. 1, is related to an incom-

plete transformation into γ-austenite during solidification. The

amount of residual δ-ferrite is higher for AISI 304L (~2%) than for AISI

303 (~1%) as a direct consequence of the chemical composition of the

two grades.

Tensile specimens were cut in longitudinal cold drawing direction

by electrical discharge machining. The gauge section was 2 mm width

by 1mm thick and the gauge length was 3mm (labelled 1 in Fig. 2). Be-

fore oxidation experiments, the specimens were ground with SiC paper

up to P1200 grade and cleaned in an ultrasonic bath with acetone then

high-purity alcohol.

Tensile specimens were oxidized in a tubular furnace set at either

700, 900 or 1000 °C in air or O2 flow for 50 h or 70 h. Tensile specimens,

previously oxidized,were inserted in amicromechanical device adapted

into a scanning electron microscope (SEM, JEOL JSM 6400) as shown in

Fig. 2. This device allows the continuous observation at a microscopic

scale of the damage mechanisms in the oxide layer. The straining sys-

tem induces a symmetrical displacement of the grips (labelled 3 in

Fig. 2) and the observation of the sample surface does not require

refocusing and recovery of the observation area. A displacement rate

of 50 μm·min−1 was chosen during tensile testing performed at room

temperature. During a tensile test, the uniform central part of the sam-

ple was carefully observed. Image magnification was set to ×200 in the

present study, in SEor BSEmode. The symmetrical displacementmotion

was interrupted in order to acquire images of the oxide scale surface for

given strain (ε) or when damages occur such as oxide scale transverse

cracking or spallation. The strain related to such damages is approxi-

mate since it only corresponds to visible events in a limited observed

area. The tensile testing was stopped after extensive damages occur-

rence and consequently before specimen fracture point. Sequential mi-

crographs of the damage evolution in the oxide scale have been

Table 1

Chemical compositions of austenitic stainless steels AISI 304L and AISI 303 (from fluores-

cence spectroscopy analysis and optical emission spectrometry equipped with a gas

analyzer).

[wt%] Fe Ni Cr Mn Si C S N O Ca

AISI 304L Bal. 8.960 18.040 1.128 0.458 0.021 0.025 0.048 0.010 0.005

AISI 303 Bal. 8.284 17.100 1.746 0.443 0.055 0.295 0.035 0.015 0.013

Fig. 1. Optical micrographs of (a) AISI 304L and (b) AISI 303 substrates after electrolytic

etching in 85% nitric acid revealing the grain boundaries, the elongated residual δ-ferrite

and MnS sulphides.



collected according to the applied strain which is calculated from re-

corded elongation values during tensile testing. These elongation values

were higher than those of the observed central part of the sample, com-

prising many other deformations, like elongation of the specimen hold-

er or bending of the transmission arms. The actual strain at sample

centrewas therefore calculated for each stress by subtracting the tensile

rig compliance. To do so, the rig compliance is estimated in the linear

elastic domain of the specimen assuming a known Young's modulus

(200 GPa for steels). This correction was applied without taking into

account the presence of the thin oxide scale which contribution to the

mechanical properties of the specimens can be neglected. Then, the

stress-strain curve can be plotted allowing determination ofmechanical

properties of the substrate.

Oxide scales cross-sections were observed before and after SEM

in situ tensile testing. The samples' surface was coated with epoxy

resin to prevent oxide scale damages duringmetallographic preparation

(cutting, grinding and polishing). The cross-sections were ground up to

1200 grit SiC paper and polished up to 1 μm diamond paste. The SEM

micrographs and EDX maps of the cross-sections were performed

using a FEG-SEM Zeiss Ultra 55 equipped with a SSD Bruker X-ray

detector.

3. Results and Discussion

3.1. Mechanical Properties of the Substrate After Oxidation

Mechanical properties of the substrate after oxidation can be deter-

mined from the stress-strain curves achieved during SEM in situ tensile

testing since the oxide thickness is negligible beside the substrate one.

The two steels exhibit similar mechanical behaviour after oxidation

(Fig. 3).

Steps observed on the stress-strain curves correspond to load relax-

ation during tensile testing interruptions to acquire images of the oxide

top surface. For both alloys, after oxidation at 700 °C, a higher yield

strength resulting from strain hardening during steel drawing processes

is evidenced.

After oxidation at 900 °C or 1000 °C, typicalmechanical properties of

AISI 304L and AISI 303 (yield strength of 240 MPa and 310MPa respec-

tively and tensile strength of 585 MPA and 620 MPa respectively [29])

are restored since oxidation thermal treatment also acts as a recovery/

recrystallization annealing.

The softening evidenced on strain-stress curves is corroborated by

micro-hardness measurements. For instance, the hardness of AISI 304L

substrate decreases from 215± 10 HV0.5 to 140± 5 HV0.5when oxida-

tion temperature increases from700 °C to 1000 °C. For both steel grades,

the hardness values are in good agreement with the yield strength de-

duced from the stress-strain curves.

The mechanical properties evolution is consistent with grain size

evolution. After oxidation at 900 °C and 1000 °C, a significant grain

growth is observed in relation with the metal softening as shown in

Fig. 4.

Fig. 2.Micromechanical device adapted into a scanning electron microscope and shape of oxidized tensile specimen.

Fig. 3. Stress-strain curves of (a) AISI 304L and (b) AISI 303 after oxidation at 700 °C for

70 h, at 900 °C for 50 h and 1000 °C for 50 h.



According to the mechanical properties of the substrate after oxida-

tion, the oxide scale spalling is expected to be favoured after oxidation

at 700 °C because the substrate, with higher yield strength, has a

lower stress relaxation capacity which could result in a better stress

transfer to the oxide scale.

3.2. Damages in the Oxide Scales Previously Grown at 700 °C

The sequential micrographs obtained during tensile testing of the

specimens oxidized at 700 °C for 70 h are reported in Fig. 5. For the

oxide thermally grown on AISI 304L, first spalls appear for strain

about 5% (Fig. 5a). In the present study, the SEM magnification during

tensile testing, ×200, is suitable to observe a large oxide scale area but

the first thin spalls (or cracks) are hardly visible. Therefore, this critical

strain is overestimated.

At the end of the tensile testing, for a strain about 21%, only moder-

ate spalling is observed without visible cracks (Fig. 5b). For the

resulphurized steel, AISI 303, nearly the same behaviour is observed

except the formation of localized cracks area for strain above 16%

(arrow in Fig. 5d). For higher strain, the opening of these cracks is ob-

served without any propagation (Fig. 5e). The formation of these local-

ized cracks could be related to oxide scale locally enriched in Fe. EDS

analysis (not presented) confirms that oxide scale at the vicinity of

cracks is rich in Cr, as for the sound oxide scale, but contains a higher

Fe content. This higher Fe content could be characteristic of a thicker

oxide scale with more defects leading to a locally less resistant oxide

scale. These observations indicate that the oxide scale grown on AISI

304L is slightly more resistant and adherent.

For both steel grades, at the end of the tensile testing, the spallation

remains limited even if the high yield strength of the substrate favours

stress transfer to the oxide scale. Nevertheless, top surface and cross-

Fig. 4.Opticalmicrographs of AISI 304L substrates after oxidation at (a) 700 °C, (b) 900 °C and (c) 1000 °C and of AISI 303 substrates after oxidation at (d) 700 °C, (e) 900 °C and (f) 1000 °C

(after electrolytic etching in 85% nitric acid to reveal the elongated black MnS sulphides and the grain boundaries).

Fig. 5. The sequential SEM-BSE micrographs of the oxide top surface during tensile testing of (a–b) the AISI 304L specimen oxidized at 700 °C for 70 h and (c–e) the AISI 303 specimen

oxidized at 700 °C for 70 h (b and e correspond to the end of the test for AISI 304L and AISI 303 substrates respectively).



sectionmicrographs before tensile testing in Fig. 6a and b reveal that the

oxide scale is thin (~500 nm) and as a consequence resistant.

The oxide scale is composed of a corundum-type oxide (Cr, Fe)2O3

with a discontinuous silica subscale (arrows in Fig. 6c). During tensile

testing, compressive stress is generated in the oxide scale in the direc-

tion perpendicular to the tensile direction. This compressive stress is

due to contraction of themetal substrate in the directions perpendicular

to the tensile direction (Poisson's effect during the elastic deformation,

volume conservation in the plastic domain). Then, the difference inme-

chanical behaviour between the oxide and themetallic substrate results

in the development of compressive stress in the oxide scale. In area

where the scale adhesion is weakened, compressive stress leads to in-

terface decohesion and scale spallation. The most probable mechanism

for this spallation is the “buckling mechanism” as described by Evans

[25]. Indeed, on one hand, the oxide toughness appears to be strong

since no cracks are observed on theoxide surface. On the other hand, sil-

ica interlayer may locally weaken the metal/oxide interface [28,30].

Thus, compressive stress will initiate buckling of the oxide scale over

area weakened by silica interlayer, then through-thickness cracks

form in the oxide due to tensile stress generated by this buckling.

3.3. Damages in the Oxide Scales Previously Grown at 900 °C

The sequential micrographs obtained during tensile testing of the

specimens oxidized at 900 °C for 50 h are reported in Fig. 7. The first

cracks appear for nearly the same critical strain 2–3% for both steels

(Fig. 7a and e) and present a wavy shape (Fig. 7c and g). For the oxide

scale grown on the resulphurized steel, AISI 303, few spalls are also ob-

served in Fig. 7f between two cracks due to compressive stresses devel-

oped in the direction perpendicular to the tensile axis.Fig. 6. (a) Surface SEM-SE micrograph and (b), (c) SEM-BSE cross-section micrographs of

the oxide scale grown on AISI 304L after oxidation at 700 °C for 70 h.

Fig. 7. The sequential SEM-BSE micrographs of the oxide top surface during tensile testing of (a–d) the AISI 304L specimen oxidized at 900 °C for 50 h and (e–h) the AISI 303 specimen

oxidized at 900 °C for 50 h (d and h correspond to the end of the test for AISI 304L and AISI 303 substrates respectively).



Usually straight cracks are expected to be formed perpendicularly to

the tensile direction. In this case, wavy-shaped cracks are observed and

seem to follow the grain boundaries of the underneath substrate. In

order to verify this assumption, the cracks density using the intercept

method is determined and intercrack distances are compared to the

grain size of the underneath substrate. The cracks density as function

of applied strain during tensile testing is plotted in Fig. 8a. Similar crack-

ing behaviour is observed for the two austenitic stainless steels with the

same following steps: crack initiation, increase of cracks density, satura-

tion (i.e. increase of strain without additional cracks) and finally cracks

widening.

For AISI 303, a more severe cracking behaviour is evidenced:

crack density increases faster and the saturation value is higher, i.e.

48 mm−1 instead of 34 mm−1. Intercrack distances at saturation are

about ~20 μm for AISI 303 and ~30 μm for AISI 304L.

The grain size distributions (in number) are presented in Fig. 8b.

The grain size distribution of AISI 303 is narrower and centred around

30 μm while the AISI 304L one is wider and shifts to higher grain size

(40–50 μm). The wide grain size distribution observed for AISI 304L

could result from discontinuous grain growth, also known as abnormal

grain growth or secondary recrystallization [31,32]. In AISI 303, the dis-

persion of MnS inclusions may slow down recrystallization by grain

boundaries pinning and delay subsequent grain growth. Even if the

intercrack distance and grain size are both lower for AISI 303 compared

to AISI 304L, a relation between cracks location and grain boundaries of

the underneath substrate cannot be clearly established from these

results.

The cross-sections after tensile testing, presented in Fig. 9, reveal the

typical microstructure of protective oxide scale on austenitic stainless

steels [2–6]. The oxide scale is composed of two subscales: external spi-

nel-type oxideMnCr2O4 (orange area of EDSmaps in Fig. 9) and internal

chromia Cr2O3 with small amount of Fe in solid solution (green area of

EDS maps in Fig. 9) underlined by silica SiO2 (yellow area of EDS maps

in Fig. 9).

The successive oxides, MnCr2O4/Cr2O3/SiO2, are consistent with

thermodynamic considerations. During the initial stage of oxidation,

chromia is formed. Once Cr2O3 is formed, the oxygen partial pressure

at themetal/oxide interface strongly decreases. Oxygen partial pressure

is then controlled by the decomposition pressure of Cr2O3 which is

very low. Elements such as Si and Mn, forming more stable oxides,

can be oxidized selectively in the vicinity of Cr2O3 oxide to form SiO2

and MnO respectively. Depending on the activity and diffusion coeffi-

cient of these elements in metal, and also depending on the solubility

and diffusion of oxygen, these oxides can precipitate internally or

form an underlying layer at the metal/scale interface. In fact, MnO is

not observed because manganese diffuses rapidly in the oxide scale

and MnCr2O4 nucleates from the pre-existing Cr2O3 at the outer scale

part [33].

The low diffusion coefficient of oxygen in fcc-austenite lattice, com-

pared to the grain boundary diffusion coefficient, results in silica inter-

nal oxidation along the steel grain boundaries (i.e. intergranular

formation of silica, perpendicularly to the metal/oxide interface) as al-

ready observed in literature [16,22,28,34–36]. This internal silica

seems to play a key role in the damage behaviour of the system. First,

Fig. 8. (a) Cracks density versus strain measured on sequential micrographs obtained

during tensile testing of a sample oxidized at 900 °C for 50 h and (b) Grain size

distribution in number for both substrates.

Fig. 9. SEM-BSE cross-sectionmicrographs and EDSmap after tensile testing of the oxide scale grown after oxidation at 900 °C for 50 h (a) on AISI 304L and (b) onAISI 303 (EDSmap: Cr in

green, Si in yellow and Mn+ Cr in orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



from EDSmaps in Fig. 9, it is obvious that the cracks widening observed

on the oxide surface is related to crack propagation along the grain

boundaries weakened by the formation of internal silica combined

with plastic deformation localization in the metal, at the root of such

cracks. Therefore, at high strain level, strain is no more uniform in the

metal but localized at cracks bases. Then, the strain transfer to the

oxide scale is less effective. This explains the crack density saturation:

at this point no new cracks can initiate since the stress level in the

oxide remains too low to reach critical value [21]. Second, the internal

silica along grain boundariesmay also play a role in transverse crack ini-

tiation in the oxide scale.

At this point, the mechanism for oxide cracks initiation is not clear

but seems related to the presence of silica inclusions along grain bound-

aries in themetal underneath.Moreover, results from tensile testing nu-

merical simulations have shown that crack formation in the oxide scale

is a necessary condition to break metal/inclusion interfaces [28]. Crack

formation lowers the average stress in the oxidewhile a high stress con-

centration zone develops in themetal beneath the crack tip. Experimen-

tal crack patterns are well reproduced considering a silica/metal

interface weaker than an oxide/metal interface [28]. In this case, after

transverse cracks form in the oxide scale, decohesion of metal/silica in-

terface occurs beneath oxide crack root, preventing oxide scale spall-

ation. Therefore, probable scenario for damages observed in this study

is (i) crack initiation in the oxide scale due to heterogeneity created

by the silica at the grain boundaries in the metal, then (ii) decohesion

at the metal/silica interface due to stress concentration at the oxide

crack root and finally (iii) widening of the crack due to localized plastic

deformation in the metal. Thus, the wavy-like cracks observed during

tensile testing in Fig. 7 can be directly related to silica formed along

the grain boundaries of the underlying substrate.

Transverse cracks are also initiated within the oxide scale (from in-

ternal flaws) and those cracks are more numerous in the less resistant

oxide scale grown on AISI 303 (e.g. comparison of Fig. 7c and g).

Moreover, AISI 303 presents a lower grain size, a higher density of

grain boundaries weakened by silica and then a higher density of

wavy-like cracks initiated in the substrate. These two contributions

could explain the higher density of cracks at saturation observed for

AISI 303 (Fig. 8a).

Fig. 10. SEM-BSE micrographs of the oxide top surface (a) on AISI 304L and (b) on AISI 303 after tensile testing (strain ~40%), cross-section EDS maps of the oxide scale grown during

oxidation at 1000 °C for 50 h (c, e) on AISI 304L and (d, f) on AISI 303 before tensile testing, SEM-BSE cross-section micrographs of the oxide scale grown (g) on AISI 304L and (h) on

AISI 303 after tensile testing.



These observations lead to the same conclusion as for scale grown at

700 °C. The scale grown on AISI 304L seems more resistant (less cracks

initiated within the oxide scale) and adherent (no spallation).

3.4. Damages in the Oxide Scales Previously Grown at 1000 °C

After oxidation at 1000 °C for 50 h, the cracks patterns of the oxide

scale during tensile testing are strongly different for the two steels

(Fig. 10). While the same behaviour as after oxidation at 900 °C is ob-

served for AISI 304L (Figs. 7d and 10a, wavy-shaped cracks following

the morphology of the alloy grain boundaries weakened by silica with-

out spallation), transverse straight cracks perpendicular to the tensile

direction appear for AISI 303 and spallation takes place (rougher and

brighter areas in Fig. 10b).

These results confirm that oxide scale thermally grown on AISI 304L

is more resistant and adherent to the substrate than the oxide scale

grown on resulphurized AISI 303 substrate. This conclusion is in agree-

mentwith the results obtained during cyclic thermogravimetry analysis

at 1000 °C for AISI 304L and AISI 303 substrates [37].

To explain this difference in damage behaviour, the specimen

cross-sections, before and after tensile testing, are observed

(Fig. 10c–f and g–h respectively). For AISI 304L, the same oxide

scale composition as after oxidation at 900 °C is observed with the

intergranular silica. For AISI 303, formation of Fe–rich nodules is ev-

idenced. Nodules microstructures have been fully described in a pre-

vious paper [36]. The external part of the nodule, partially spalled

during cooling and metallographic preparation, is composed of Fe–

rich oxides (Fe2O3/(Fe,Cr)2O3) according to Raman spectroscopy of

the oxide scale outer surface (not presented). The inner part of the

nodule is composed of stratified spinel-type oxide, alternatively

rich in iron, (Fe,Ni,Cr)3O4, and rich in chromium, (Cr,Fe)3O4,

underlined by a Cr-rich dense layer which could be Cr2O3.

During oxidation at 1000 °C, formation of fast growing Fe–rich

nodules is observed on AISI 303. The higher sulphur content in AISI

303 results in a higher volume fraction of MnS inclusions in the bulk

than in AISI 304L. During the oxidation experiments, the increase in

number and decrease in size of the sulphur containing inclusions in

the underneath substrate suggest the dissociation of the MnS near the

metal/oxide interface (Fig. 10d–f). Manganese diffuses to the metal/

oxide interface and is incorporated in the oxide scale whereas sulphur

precipitates with other sulphide-former elements such as chromium

to form (Mn,Cr)S. (Mn,Cr)S inclusions acting as oxide nucleation sites,

it gives rise to oxide-sulphide aggregates (Fig. 11): (Cr, Si)-rich oxides

and (Mn, Cr)-rich sulphides [36].

A lower starting Cr value in the bulk associated to the formation of

these (Mn,Cr)-rich sulphides in the underneath substrate induce break-

away oxidation of AISI 303 at such high oxidation temperature and con-

sequently the formation of non-protective and porous Fe-rich oxide

scale [36].

The cross-section specimen after tensile testing, in Fig. 10h, shows

that grain boundaries in the AISI 303 substrate also opened during the

tensile testing. However, transverse cracks are mainly initiated at the

level of defects within the oxide scale. Cracks growth is then easy and

fast in porous oxide scale as shown in Fig. 12. Finally, spallation takes

place (Fig. 12c and d). Mechanism responsible for oxide spallation is

not clear but compressive stress developed perpendicularly to the load-

ing direction due to contraction of themetal during its plastic deforma-

tion is probably the driving force.

3.5. Relation BetweenMicrostructure Induced by Oxidation and Oxide Scale

Damages During Tensile Testing

Three damage mechanisms are observed depending on the oxida-

tion temperature of the tensile specimens and S content in the alloy.

They are schematically summarized in Fig. 13:

(i) After oxidation at 700 °C, the oxide scale is thin, damages start at

the interface where spalling is initiated at the level of the inter-

face weakened by silica (Fig. 13a).

(ii) After oxidation at 900 °C (and 1000 °C for low S grade, i.e.

AISI 304L), the oxide scale is thicker, damages start mainly at

heterogeneity created by intergranular silica (external initiation)

(Fig. 13b).

(iii) After oxidation at 1000 °C for the high S grade (i.e. AISI 303), the

oxide scale is thick and rich in Fe, damages start mainly within

the oxide scale (internal initiation), cracks easily propagate in

the porous Fe-rich oxide scale and severe spalling is eventually

observed due to compressive stresses (Fig. 13c).

4. Conclusions

The spalling/cracking behaviour at room temperature of thermally

grown oxide scales under tensile stress was investigated using SEM in

situ tensile testing for two austenitic stainless steels with close compo-

sition except their S content: AISI 304L and AISI 303 (resulphurized

steel). A correlation between damage patterns and microstructure, me-

chanical and adhesion properties of the oxide scale is considered.

The results obtained after oxidation at 700, 900 and 1000 °C confirm

that the Cr-rich thinner oxide scale thermally grown on AISI 304L steel

is more protective, since it is more resistant and adherent to the sub-

strate than the oxide scale grown on resulphurized AISI 303 substrate.

A direct effect of S on the oxide scale adhesion properties, reported

in literaturemainly for alumina-forming alloys, is not clearly evidenced.

Nevertheless, the difference in oxide scalemicrostructure for both steels

after oxidation at 1000 °C is partly explained in relationwith the volume

fraction of MnS inclusions (i.e. S content) in the bulk.

The spalling/cracking behaviour is strongly affected by the oxides

features: (i) oxide scale thickness, (ii) Fe content in the oxide scale

and (iii) location of internal oxides SiO2 along themetal/oxide interface

or along the bulk grain boundaries of the underneath substrate.

After oxidation at 700 °C, spallation is favoured by high yield

strength of the substrate, low thickness of the oxide scale and internal

oxidation of silicon along the metal/oxide interface.

After oxidation at 900–1000 °C, cracking is promoted by a softened

substrate (after recovery/recrystallization annealing), a thicker oxide

scale and intergranular silica within the underlying substrate.

Fig. 11. Cross-section SEMmicrograph and EDSmaps (O in red and S in blue) of the oxide

scale grown during oxidation at 1000 °C for 50 h on AISI 303 before tensile testing. (For

interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)



Fig. 13. Schematic representation and corresponding cross-section SEM-BSE micrographs of the three damage mechanisms depending on oxidation temperature and S content of

austenitic stainless steels.

Fig. 12. Sequential SEM micrographs obtained during tensile testing of the AISI 303 specimens oxidized at 1000 °C for 50 h (black arrows correspond to the compressive stress).



Acknowledgments

This workwas realized in the framework of a PICS project supported

by National Centre for Scientific Research (CNRS, France) Ref no. 6095

and Russian Foundation for Basic Research (RFBR) Ref no. 13-08-

91053-CNRS_a.

References

[1] P. Kofstad, High Temperature Corrosion, Elsevier Science Publishing Co., New York,
1988.

[2] F. Riffard, H. Buscail, E. Caudron, R. Cueff, C. Issartel, S. Perrier, Yttrium implantation
effect on 304L stainless steel high temperature oxidation at 1000 °C, J. Mater. Sci. 37
(2002) 3925–3933.

[3] X. Peng, J. Yan, Y. Zhou, F. Wang, Effect of grain refinement on the resistance of 304
stainless steel to breakaway oxidation in wet air, Acta Mater. 53 (2005) 5079–5088.

[4] A.M. Huntz, A. Reckmann, C. Haut, C. Sévérac, M. Herbst, F.C.T. Resende, A.C.S.
Sabioni, Oxidation of AISI 304 and AISI 439 stainless steels, Mater. Sci. Eng. A 447
(2007) 266–276.

[5] N. Karimi, F. Riffard, F. Rabaste, S. Perrier, R. Cueff, C. Issartel, H. Buscail, Characteri-
zation of the oxides formed at 1000 °C on the AISI 304 stainless steel by X-ray dif-
fraction and infrared spectroscopy, Appl. Surf. Sci. 254 (2008) 2292–2299.

[6] D. Lussana, D. Baldissin, M. Massazza, M. Baricco, Thermodynamic and kinetics as-
pects of high temperature oxidation on a 304L stainless steel, Oxid. Met. 81
(2014) 515–528.

[7] A.W. Funkenbusch, J.G. Smeggil, N.S. Bornstein, Reactive element-sulphur interac-
tion and oxide scale adherence, Metall. Trans. A. 16A (1985) 1164–1166.

[8] J.G. Smeggil, A.W. Funkenbush, N.S. Bornstein, A relationship between indigenous
impurity elements and protective oxide scale adherence characteristics, Metall.
Trans. A. 17A (1986) 923–932.

[9] J.L. Smialek, Adherent AI2O3 scales formed on undoped NiCrAI alloys, Metall. Trans.
A. 18A (1987) 164–167.

[10] J.G. Smeggil, A.J. Shuskus, N.S. Bornstein, M.A. DeCrescente, The Role of Active Ele-
ments in the Oxidation Behaviour of High Temperature Metals and Alloys, Springer,
Netherlands, 1989.

[11] G. Dearnaley, The role of segregated impurities in scale adhesion, Corros. Sci. 32
(1991) 113–116.

[12] P.Y. Hou, J. Stringer, Oxide scale adhesion and impurity segregation at the scale/
metal interface, Oxid. Met. 38 (1992) 323–345.

[13] T. Gheno, D. Monceau, D. Oquab, Y. Cadoret, Characterization of sulphur distribution
in Ni-based superalloy and thermal barrier coating after high temperature oxida-
tion: a SIMS analysis, Oxid. Met. 73 (2010) 95–113.

[14] Q. Li, X. Peng, J.Q. Zhang, G.X. Zong, F.H. Wang, Comparison of the oxidation of high-
sulfur Ni–25Cr–5Al alloys in as-cast and as-sputtered states, Corros. Sci. 52 (2010)
1213–1221.

[15] D.W. Yun, S.M. Seo, H.W. Jeong, Y.S. Yoo, The cyclic oxidation behaviour of Ni-based
superalloy GTD-111 with sulphur impurities at 1100 °C, Corros. Sci. 90 (2015)
392–401.

[16] S.N. Basu, G.J. Yurek, Effect of alloy grain size and silicon content on the oxidation of
austenitic Fe–Cr–Ni–Mn–Si alloys in pure O2, Oxid. Met. 36 (1991) 281–315.

[17] H.J. Grabke, D. Wiemer, H. Viefhaus, Segregation of sulphur during growth of oxide
scales, Appl. Surf. Sci. 47 (1991) 243–250.

[18] Y. Leterrier, J. Andersons, Y. Pitton, J.-A.E. Manson, Adhesion of silicon oxide layers
on poly (ethylene terephthalate). II: Effect of coating thickness on adhesive and co-
hesive strengths, J. Polym. Sci. B Polym. Phys. 35 (9) (1997) 1463–1472.

[19] P. Scafidi, M. Ignat, Cracking and loss of adhesion of Si3N4 and SiO2: P films deposited
on Al substrates, J. Adhes. Sci. Technol. 12 (1998) 1219–1242.

[20] C. Xie, W. Tong, Cracking and decohesion of a thin Al2O3 film on a ductile Al-5%Mg
substrate, Acta Mater. 53 (2) (2005) 477–485.

[21] H. Rehman, F. Ahmed, C. Schmid, J. Schaufler, K. Durst, Study on the deformation
mechanics of hard brittle coatings on ductile substrates using in situ tensile testing
and cohesive zone FEM modeling, Surf. Coat. Technol. 207 (2012) 163–169.

[22] M.M. Nagl,W.T. Evans, D.J. Hall, S.R.J. Saunders, An in situ investigation of the tensile
failure of oxide scales, Oxid. Met. 42 (5–6) (1994) 431–449.

[23] S. Perusin, B. Viguier, J.C. Salabura, D. Oquad, E. Andrieu, Behaviour of the oxide scale
during SEM in situ plastic deformation of pure nickel foil, Mater. Sci. Eng. A 387–389
(2004) 763–767.

[24] S. Chandra-Ambhorn, F. Roussel-Dherbey, F. Toscan, Y. Wouters, A. Galerie, M.
Dupeux, Determination of mechanical adhesion energy of thermal oxide scales on
AISI 430Ti alloy using tensile test, Mater. Sci. Technol. 23 (4) (2007) 497–501.

[25] H.E. Evans, Stress effects in high temperature oxidation of metals, Int. Mater. Rev. 40
(1) (1995) 1–40.

[26] B.F. Chen, J. Hwang, I.F. Chen, G.P. Yu, J.H. Huang, A tensile film cracking model for
evaluating interfacial shear strength of elastic film on ductile substrate, Surf. Coat.
Technol. 126 (2000) 91–95.

[27] M.D. Thouless, Cracking and delamination of coatings, J. Vac. Sci. Technol. A 9 (1991)
2510.

[28] V. Parry, C. Pascal, M. Braccini, E. Fedorova, M. Mantel, Y. Wouters, D. Oquab, D.
Monceau, R. Estevez, G. Parry, Relations between oxidation induced microstructure
and mechanical durability of oxide scales, Oxid. Met. (2016), http://dx.doi.org/10.
1007/s11085-016-9673-5.

[29] Datasheet on http://www.northamericanstainless.com
[30] G. Bamba, Y. Wouters, A. Galerie, F. Charlot, A. Dellali, Thermal oxidation kinetics

and oxide scale adhesion of Fe–15Cr alloys as a function of their silicon content,
Acta Mater. 54 (2006) 3917–3922.

[31] A.F. Padhila, R.L. Plaut, P.R. Rios, Review annealing of cold-worked austenitic stain-
less steels, ISIJ Int. 43 (2) (2003) 135–143.

[32] M. Shirdel, H. Mirzadeh, M.H. Parsa, Abnormal grain growth in AISI 304L stainless
steel, Mater. Charact. 97 (2014) 11–17.

[33] D.J. Young, High Temperature Oxidation and Corrosion of Metals, Elsevier, 2008.
[34] G.J. Yurek, D. Eisen, A. Garrat-Reed, Oxidation behavior of a fine-grained rapidly so-

lidified 18-8 stainless steel, Metall. Trans. A. 13A (1982) 473–485.
[35] F. Toscan, PhD thesis, Institut National Polytechnique de Grenoble, 2004.
[36] C. Pascal, V. Parry, E. Fedorova, M. Braccini, P. Chemelle, N. Meyer, D. Oquab, D.

Monceau, Y. Wouters, M. Mantel, Breakaway oxidation of austenitic stainless steels
induced by alloyed sulphur, Corros. Sci. 93 (2015) 100–108.

[37] E. Fedorova, M. Braccini, V. Parry, C. Pascal, M. Mantel, F. Roussel-Dherbey, D. Oquab,
Y. Wouters, D. Monceau, Comparison of damaging behavior of oxide scales grown
on two austenitic stainless steels using tensile test and cyclic thermogravimetry,
Corros. Sci. 103 (2016) 145–156.


