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A B S T R A C T

Oxidation behaviour of surface nanocrystallized 321 austenitic stainless steel (SN–321ASS) and its conventional
polycrystalline counterpart (CP–321ASS) in O2 + 10% H2O at 1000 °C was comparatively investigated. Uniform
dense distribution of high diffusivity paths on the SN-321ASS greatly enhances the Cr and Mn diffusion
throughout the oxidation front. Consequently: (i) formation of a thicker Cr-rich inner oxide layer on the
SN–321ASS leads to a superior oxidation resistance, (ii) formation of Mn-rich spinel oxide as a uniform inter-
mediate layer interrupts the easy access of oxygen and/or water to the Cr-rich inner oxide layer, thereby re-
ducing the Cr-vaporization.

1. Introduction

Austenitic stainless steels (ASSs) are employed in a wide variety of
modern applications due to their potentiality to simultaneously with-
stand corrosive environments and to maintain good mechanical prop-
erties [1]. However, high temperature oxidation of ASSs mainly de-
pends on their ability to form a thermally grown, dense, well-adherent
and protective Cr-rich α-(CrxFe1-x)2O3 scale [2–4]. The protectiveness
of such scales can be affected by a number of parameters, including the
elemental composition [5], oxidation temperature [6,7], grain size [8],
surface treatment and preparation [9], presence or absence of water
vapour [10,11], and oxygen partial pressure [12]. In general, oxide
scales on ASSs are stable, adherent and protective at even above 700 °C
in dry oxidising atmospheres. However, the presence of water vapour
can influence the process of high temperature oxidation of ASSs by
modifying the structural characteristics of the growing oxide scale and
the oxidation kinetics [10,12].

Water vapour, which is generally found in the high temperature
oxidising environments, reduces the oxidation resistance of ASSs
especially at temperatures above 600 °C [6]. This is due to the water
vapour reaction with chromia in the scale and production of volatile
species by the following reaction:

+ + →2Cr O (s)  4H O(g)  3O (g) 4CrO (OH) (g)2 3 2 2 2 2 (1)

In addition, oxygen alone can also react with the chromia and
generate some volatile species at temperatures above 1000 °C [13,14]:

+ →2Cr O (s)  3O (g) 4CrO (g)2 3 2 3 (2)

The formation of volatile oxides and oxy-hydroxides may expedite
consumption of the protective oxides [15,16]. In addition, water vapour
accelerates the diffusion of oxygen along the grain boundaries by the
penetration of hydrogen, hence further promoting the Cr depletion
[17,18]. In these cases, the surface scale converts into a non-protective
Fe-rich scale and oxidation rate is greatly increased, i.e. “breakaway
oxidation” is started. If the overall Cr concentration underneath the
oxide scale reaches a level below the required concentration, or no
intermediate barrier layer is formed between the Cr-rich inner layer and
ASS substrate and/or Fe-rich outer layer, continuous Cr-vaporization
will take place [6,18–21]. Several methods have been proposed to
overcome these issues and to improve the high temperature resistance
of ASSs in humid atmospheres. For instance, Zhongdi et al. [22] showed
that minor amount of Al (≈ 2.7 wt.%) in ASSs can promote the for-
mation of a thin Al-rich oxide layer between the substrate and Cr-rich
oxide, thereby prohibiting pore formation and Cr-vaporization. Lu et al.
[23] claimed that a thin Co-2.4 at.% W coating can effectively block the
outward diffusion of Cr ions and this behaviour provides a strong
possibility to stop the Cr-vaporization. Reactive element alloying [24],
spinel coatings [25], and surface modifications [26] are also among the
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highly recommended methods to reduce the Cr-vaporization in stainless
steels at high temperatures.

Apart from the conventional application of surface nanocrystalli-
zation (SNC) for improving the mechanical/fatigue properties of
stainless steels [27], this method has been successfully employed to
improve the high temperature oxidation resistance of ASSs [28]. The
idea behind this approach is that the high temperature oxidation is a
surface diffusional phenomenon which is greatly dependent on the
density of grain boundaries (GBs) as high diffusivity paths [1,29–31].
So, it is expected that enhanced GBs can provide more transport paths
for Cr diffusion resulting in an increased selective oxidation of Cr and
faster formation of Cr-rich scales. Several previous works have ex-
amined the effect of nanocrystallization and grain refinement on the
high temperature oxidation performance of ASSs in dry atmospheres,
and all of them mentioned the latter scenario as the main mechanism
for the increased oxidation resistance of ultrafine grained ASSs [28].
Despite previous research, there is a need for an improved under-
standing of the effects of SNC on the initial and long-term high tem-
perature oxidation behaviour of ASSs in humid atmospheres. Further-
more, the probable effect(s) of SNC on Cr-vaporization reaction is still
an open question and should be studied in detail.

In the present study, initial (1–3 h) and steady-state (5–500 h) oxi-
dation behaviour of coarse-grained 321 ASS and its surface nanocrys-
tallized counterpart were comparatively studied at 1000 °C in the
oxygen + 10% water vapour (in vol.%) atmosphere. For the steady-
state oxidation, both oxide scale growth and Cr-vaporization were ex-
amined. To achieve the goals of this investigation, grazing incidence X-
ray diffraction (GI-XRD) analysis, field emission scanning electron mi-
croscopy (FE-SEM), glow discharge optical emission spectroscopy
(GDOES), transmission electron microscopy (TEM), and X-ray photo-
electron spectroscopy (XPS) were used.

2. Materials and methods

2.1. Materials

The material used in this study was a commercial 321ASS bar
(STOOSS Co, Switzerland) containing (wt.%) 0.02 C, 0.55 Si, 1.48Mn,
18.10 Cr, 0.11 Mo, 9.69 Ni, 0.016 P, 0.011 S, 0.46 Ti. The bar with
80mm in diameter had firstly been solution annealed at 1100 °C for 2 h
and then quenched in water. After that, disc-shaped specimens with a
thickness of 6.0 mm were sectioned from the bar. These specimens were
ground to a final 2000# SiC paper and polished with 6-, 3- and 1-mi-
cron water-based diamond suspensions (DP-Suspension P, Struers) to

get a mirror-like surface. Subsequently, these samples were first washed
in deionized water, then sonicated in ethanol, and immediately dried
with hot air.

2.2. Surface nanocrystallization (SNC) process

For the SNC process, severe shot peening (SSP) as a near-surface
severe plastic deformation method was applied. In this way, polished
disc-shaped specimens were subjected to the SSP using an air blast
apparatus (KPS SHOT Co.). SSP was carried out by a peening nozzle
with a diameter of 30mm, mass flow rate of about 8 kg/min and air
pressure of 0.30MPa for 60min (this condition meets a surface cov-
erage of 1000%). To generate reproducible plastic strains, the shot
angle and the distance between the nozzle and top-surface were set to
90° and 400mm, respectively. This procedure is the optimized output of
a series of shot peening processes which have been specified in our
previous works [32–35].

2.3. Microstructural analysis before the oxidation tests

The cross-section of shot peened specimens for FE-SEM observations
was mechanically ground, polished and afterwards etched in a solution
containing 2.5 ml H2O, 2.5 ml HNO3 and 5ml HCl. FE-SEM imaging
was provided by a TESCAN MIRA3 field emission scanning microscope
at 15 kV. The grazing incidence XRD studies were carried out using an
X'Pert Pro MPD X-ray diffraction instrument operated with Cu-Kα ra-
diation. The volume fraction of strain-induced martensite (Viα′) phase in
the austenite matrix of different samples was determined by Rietveld
refinement using the GSAS software. Dark-field TEM imaging (FEI
Tecnai G2) was applied to estimate the average grain size of the treated
surface layer.

2.4. High temperature oxidation tests

Oxidation tests were conducted in oxygen + 10% water vapour at
1000 °C for different periods of time up to 500 h. Fig. 1 shows the
simplified design of apparatus used for the oxidation tests. In this test,
square samples of approximately 12×12×2mm were prepared from
the non-treated and shot peened discs. Before the oxidation tests,
temperature calibration was carried out at the test temperature of
1000 °C. Before turning the resistive furnace on, the atmosphere inside
the chamber was changed to Ar. After reaching 1000 °C, the chamber
was evacuated and subsequently, humid oxygen was introduced into
the furnace at a flow rate of 20 cm3min−1. A humidifier set was used to

Fig. 1. Simplified schematic of the experimental system for the oxidation tests.
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adjust the humidity to 10% in the gas stream. At the outlet of the fur-
nace, a water-containing condenser was installed and its temperature
controlled at ≈ 7 °C to condense all Cr volatile species. Experiments
were repeated three times for each sample.

2.5. Cr-vaporization measurements

As shown in Fig. 1, a silica denuder connector was placed in the
lower part of the furnace tube. The inside of the denuder connector was
coated with Na2CO3, which reacted with the volatile Cr(VI) to form
Na2CrO4 [36]:

+ → + +CrO (OH) (g)  Na CO (s) Na CrO (s) H O(g)  CO (g)2 2 2 3 2 4 2 2 (3)

The denuder connectors were replaced regularly and rinsed with
purified water. After the experiment, the silica connector was cleaned
by 0.1mol·L−1 hydrochloric acid and the collected solution was added
to the condenser solution which was analysed by inductively coupled
plasma (ICP) to measure the amount of volatilized chromium. For all
samples, the experimental error on the volatilized mass was determined
to be less than± 10.0%.

2.6. Analysis of oxide scales

The surface observation of oxide films on different samples was
carried out using FE-SEM (Hitachi SEM FE 4800) with an accelerating
voltage of 10 kV. Depending on the thickness of oxide layers on various
samples, different analytical methods for the cross-sectional analysis in
transient (1–3 h) and steady-state (5–500 h) stages were used. In fact,
due to the formation of thicker oxides (more than ≈ 1 μm thick) for the
exposures more than 3 h, it was difficult to use TEM because of the
limited view of the relevant microstructures which are coarser than the
TEM observation. On the other hand, for exposures less than 3 h, the
oxide films on the alloy were too thin to be evaluated by FE-SEM.

2.6.1. Transient stage (1–3 h)
To determine the chemical state of the surface scales during initial

stages of oxidation, XPS (PHI 5000 VersaProbe, Ulvac-PHI) was em-
ployed in conjunction with Ar ion beam (3 keV) sputtering. The XPS
survey scan and high-energy resolution elemental spectra were

acquired. The energy scale was calibrated by placing the C1 s peak at
285 eV. The elemental spectra were fitted using Casa XPS software,
with Gaussian-Lorentzian lines and Shirley background type.

A SEM/FIB dual-beam system (FEI Quanta 3D FEG) was applied for
the TEM sample preparation. In this way, a layer of platinum was first
deposited on an area with a size of 8×3 μm to protect the oxide film
during lamella preparation. After that, by using the focused ion beam
(FIB) with gallium ion sputtering a wedge-shaped lamella with Pt clad
layer (≈ 8×3×4 μm) was cut from the oxidised sample. Finally, the
lamella was put on a TEM sample grid and thinned to electron trans-
parency by Ga sputtering. This method was adopted from [37]. The
prepared lamellas were carefully analysed using two modes of TEM (FEI
Tecnai G2): bright field mode for the morphological observations and
STEM mode for the composition analyses. During the TEM analysis,
EDS line scan was applied to reveal the elemental distribution in the
cross-section of samples. In order to measure the thickness of oxide
layers, 30 regions of each sample were chosen. Each measuring region
was about 30 nm apart from another one.

2.6.2. Steady-state stage (5–500 h)
For this group, elementary depth profiles were obtained from the

surface of samples using Glow Discharge Optical Emission Spectroscopy
(GDOES, GD-Profiler 2). The glow discharge was powered by a
13.56MHz radio-frequency generator. Moreover, these oxidised sam-
ples were analysed cross-sectionally by FE-SEM equipped with an en-
ergy dispersive spectrometer (EDS). For the latter purpose, the oxidised
samples were gold sprayed and after that, a nickel layer was electro-
chemically deposited on their surface to protect the oxide scales.
Finally, the Ni-electroplated samples were mounted and polished in a
way similar to Section 2.1.

3. Results

3.1. Microstructural characteristics before oxidation

Microstructural characteristics of the as-received 321 ASS and the
surface treated one were reported in detail elsewhere [32–35,38,39].
Specifically, Fig. 2 shows these characteristics in the as-received and
shot peened 321ASS samples. Fig. 2a and b depict the metallographic

Fig. 2. (a) The original microstructure of the solution-annealed 321SS alloy, (b) corresponding XRD pattern, (c) cross-sectional SEM image of the severely shot
peened 321ASS, (d) bright field TEM image and corresponding SAED pattern from the top-surface of treated 321ASS.
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observation of the as-received material and corresponding XRD pattern,
respectively. As can be seen, the microstructure consists of austenite (γ)
as the matrix phase and fine needles of α' (Viα′ ≈ 10%) within the γ
grains. Considering the production process of ASSs rods (continuous
casting/hot rolling/cold finishing), ASSs should contain some amounts
of martensite even after solution-annealing heat treatment. The amount
of this phase is normally below 10% [40,41]. This phase is fully re-
transformed to the γ phase at temperatures higher than 800 °C [33].
Fig. 2c displays an SEM image from the cross-section of shot peened
sample. It is obvious that the microstructural differences between the
deformation affected zone and the matrix are distinct; however, there is
not a sharp boundary between them. The total thickness of the de-
formation affected layer is about 120 μm. Fig. 2d also shows the bright
field TEM micrograph and corresponding SAED patterns of the micro-
structure of the top-surface of shot peened sample. A nearly full surface
nanocrystallization is observed after the SSP, so that extremely fine and
equiaxed nano-grains with random crystallographic orientation and
size of 70–75 nm are distributed in the whole microstructure. This
microstructural refinement is also reflected in the SAED patterns, where
continuous rings appear instead of streak points. The non-treated and
shot peened samples are respectively named as conventional poly-
crystalline 321 austenitic stainless steel (CP–321ASS) and surface na-
nocrystallized one (SN–321ASS) hereafter.

3.2. Surface morphology of oxide films

Fig. 3 shows typical SEM images of the oxide films formed on the
CP-321ASS surface after 1, 3, 5, 50, 100 and 500 h exposure. Initially, a
fast-growing oxide film is detected (Fig. 3a). This film is made up of fine
octahedral oxide particles (size in the range of 0.15 – 0.30 μm) with
some thickening along GBs of the underlying substrate. Moreover, some
fine oxide nodules are also observed inside the oxidised grains. The EDS
analyses indicate that the oxide film is mainly consisting of Fe, Cr, O,
and Mn and oxide nodules are enriched in Fe and O (Fig. S1 in the
Supplementary material). With increasing the oxidation time, the oxide
nodules rapidly grow and cover the entire surface after 5 h. After 50 h
oxidation, in many areas the outer scale cracks and spalls off, and
subsequently (Ni, Fe)–rich oxides grow on the spalled area as shown in
Fig. S2. It is indisputable that the cracks contribute to the final spal-
lation of the oxide scale. In addition to these features, the formation of
coarse polygonal crystals with flat facets (size in the range of 2–18 μm)
is the main surface characteristic after longer exposures (e.g. see
Fig. 3f).

In the case of SN–321ASS sample (Fig. 4), no sparse oxide nodules
are observed in the early stages of oxidation, instead a uniform and
steady growing oxide scale is developed. In fact, the oxide surface is
predominantly covered by equiaxial oxide particles and theses faceted
particles are enlarged as the oxidation time increases (Fig. 4a–c).
Moreover, in some areas of the outer oxide of SN–321ASS, micro-
cracking and spallation of the oxide is detected after 50 h oxidation;

Fig. 3. Surface morphologies of the CP–321ASS sample oxidised in humid oxygen at 1000 °C for different exposure times: (a) 1 h, (b) 3 h, (c) 5 h, (d) 50 h, (e) 100 h,
and (f) 500 h.
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however, a Cr-rich oxide scale is formed in the spalled areas (Fig. S3).
This is an indication of higher supply rate of Cr from the underlying
steel to the steel-oxide interface where a large number of GBs serve as
“short-circuit” channels for Cr diffusion [6,42].

3.3. More detailed analysis for exposure times of 1, 2, and 3 h

Figs. 5–7 show the full survey XPS spectra and high-resolution
spectra (binding energy intervals of 0.1 eV) of the major elements ob-
tained at different depths of CP–321ASS and SN–321ASS samples oxi-
dised at 1000 °C in oxygen + 10% water vapour for 1, 2, and 3 h. The
results show the presence of chromium in addition to iron, oxygen and
carbon on the surface of both samples after 1 h. The appearance of
carbon is ubiquitous due to surface contamination (Fig. 5a), and as
expected, it disappears after further sputtering (Figs. 6a and 7a). After
2 h of exposure, Ti 2p and Mn 2p peaks are also detected in the XPS
survey of SN–321ASS (Fig. 6a); however, the latter peak is not detected
for the CP–321ASS sample. In the case of CP–321ASS, both peaks of Ti
2p and Mn 2p appear after 3 h of exposure. This can be a good in-
dication of lower supply rate of these alloying elements in the oxidation
front of the CP–321ASS sample. It is notable that although Ni is the
third most abundant element in the substrate, it was not detected in the
XPS spectra of both kinds of samples even after 3 h of exposure. It is
probably due to its lower outward diffusion rates within the substrate
and lower oxygen affinity as compared to Fe, Cr, Mn, and Ti [43,44].

The results of the high resolution XPS spectra of Fe 2p clearly show

the enhanced formation of Fe3O4 at the early stages of oxidation for
both samples. Due to the multivalent nature of the Fe in Fe3O4, the Fe
2p peak was deconvoluted into the Fe2+ and Fe3+ peaks. Since stoi-
chiometric Fe3O4 can also be expressed to FeO_Fe2O3, the Fe2+:Fe3+

ratio should be 1:2. The results of the deconvoluted peaks give
Fe2+:Fe3+=0.35 ± 0.02: 0.65 ± 0.01; this proportion clearly
proves that the Fe is mainly in the form of Fe3O4 for 1 h exposure.
Formation of this oxide is also proved in the high resolution XPS spectra
of O 1 s (Fig. 5d). The above mentioned proportion significantly de-
viates from 1:2 for 2 h (only for SN–321ASS) and 3 h (for both samples)
exposures which can be attributed to the formation of Mn(Fe,Cr)2O4

phase [45]. For both CP–321ASS and SN–321ASS, Fe2O3 content de-
creases as the exposure time increases and it disappears at 2 h. Yunhui
et al. [46] also reported that hematite transforms to other phases
through solid state reactions during high temperature humid oxidation.
As can be seen from Figs. 5b, 6b and 7b, although both groups of
samples show similar Fe-containing species during oxidation, their
main difference is the faster formation of MnFe2O4 in the case of
SN–321ASS. Unlike the SN–321ASS, this Mn-rich spinel does not appear
after 2 h of exposure in the CP–321ASS sample.

The high resolution XPS spectra of Cr 2p (Figs. 5c, 6c, and 7c) de-
monstrate the presence of similar components in both CP–321ASS and
SN–321ASS samples, most probably Cr2O3 located at 576.7 ± 0.2 eV
[47], Cr(OH)O at 577.2 ± 0.2 eV [46], Cr+6 species at
578.8 ± 0.2 eV [48], and (Fe,Mn)Cr2O4 at 576.0 ± 0.2 eV [49]. The
latter species appears at 2 h and 3 h exposures for SN–321ASS and

Fig. 4. Surface morphologies of the SN–321ASS sample oxidised in humid oxygen at 1000 °C for different exposure times: (a) 1 h, (b) 3 h, (c) 5 h, (d) 50 h, (e) 100 h,
and (f) 500 h.
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CP–321ASS samples, respectively. In spite of no notable difference in
the type of formed species in both groups of samples, the Cr2O3 con-
centration in the oxidised SN–321ASS is meaningfully higher than the

CP–321ASS, indicating increased outward diffusion of Cr to the oxi-
dation front as a result of the presence of significant amounts of high
diffusivity paths (mainly dislocations and GBs) in the underlying

Fig. 5. (a) XPS survey spectra of the oxide films
formed on the (i) CP–321ASS and (ii)
SN–321ASS, (b) high resolution spectra of Fe
2p3/2 with their decomposition for the (i)
CP–321ASS and (ii) SN–321ASS, (c) high re-
solution spectra of Cr 2p3/2 with their decom-
position for the (i) CP–321ASS and (ii)
SN–321ASS, and (d) XPS O 1 s spectra with
their decomposition for the (i) CP–321ASS and
(ii) SN–321ASS (oxidation at 1000 °C for 1 h).

Fig. 6. (a) XPS survey spectra of the oxide films
formed on the (i) CP–321ASS and (ii)
SN–321ASS, (b) high resolution spectra of Fe
2p3/2 with their decomposition for the (i)
CP–321ASS and (ii) SN–321ASS, (c) high re-
solution spectra of Cr 2p3/2 with their decom-
position for the (i) CP–321ASS and (ii)
SN–321ASS, and (d) high resolution spectra of
Mn 2p3/2 for the (i) CP–321ASS and (ii)
SN–321ASS with its decomposition (oxidation
at 1000 °C for 2 h).
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Fig. 7. (a) XPS survey spectra of the oxide films
formed on the (i) CP–321ASS and (ii)
SN–321ASS, (b) high resolution spectra of Fe
2p3/2 with their decomposition for the (i)
CP–321ASS and (ii) SN–321ASS, (c) high re-
solution spectra of Cr 2p3/2 with their decom-
position for the (i) CP–321ASS and (ii)
SN–321ASS, and (d) high resolution spectra of
Mn 2p3/2 with their decomposition for the (i)
CP–321ASS and (ii) SN–321ASS (oxidation at
1000 °C for 3 h).

Fig. 8. TEM images of the cross-sectional morphology and corresponding EDS line scan profiles of oxide films grown on (a) CP–321ASS and (b) SN–321ASS after 1 h
exposure.
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Fig. 9. TEM images of the cross-sectional morphology and corresponding EDS line scan profiles of oxide films grown on (a) CP–321ASS and (b) SN–321ASS after 2 h
exposure.

Fig. 10. TEM images of the cross-sectional morphology and corresponding EDS line scan profiles of oxide films grown on (a) CP–321ASS and (b) SN–321ASS after 3 h
exposure.
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substrate [6,8].
Narrow scans of Mn 2p are displayed in Figs. 6d and 7d. It should be

noted that this element does not contribute to the oxide scale of both
CP–321ASS and SN–321ASS samples oxidised for 1 h. For 2 h exposure,
the signal of Mn 2p for CP–321ASS sample is too week to be fitted
(Fig. 6d) but this element is fitted with two components at
639.8 ± 0.1 eV (probably Mn(Fe,Cr)2O4) and 641.6 ± 0.1 eV (prob-
ably Mn2O3) for the SN–321ASS sample. At 3 h exposure, CP–321ASS
shows two latter signals with lower intensities; however, the Mn 2p
peak is fitted well with only one component at 639.9 eV for the
SN–321ASS, which corresponds to the Mn(Fe,Cr)2O4 spinel oxide.

It is worth to note that Ti oxide has the highest thermodynamic
stability among the other constituents of the 321ASS [50]; however,
regarding the Ti concentration in the 321ASS substrate, Ti 2p signal
with clearly higher intensity for the SN–321ASS sample appears after

2 h exposure (see Fig. S4). Ardigo-Besnard et al. [51] also reported that
the TiO2 oxide as discrete and fine particles is formed close to the steel/
oxide interface during high temperature humid oxidation of Ti-con-
taining stainless steels (see Fig. S5).

Figs. 8–10 display cross-sectional TEM images of the oxide films
grown on the SN–321ASS and SN–321ASS samples after 1, 2, and 3 h
exposures and their corresponding EDS line scans.

After 1 h (Fig. 8), the oxide film in both samples shows a dou-
ble–layer structure: considering the XPS and EDS results, an outer layer
composed of iron oxides (mainly Fe3O4) and an inner layer made up of
chromium oxides (mainly Cr2O3). In some areas between these two
distinct layers, Fe–Cr oxides (probably FeCr2O4 spinel oxide) as fine and
discrete oxide particles are also observed, their amount being higher in
the SN–321ASS sample. The total thickness of oxide layer in
CP–321ASS and SN–321ASS samples is 343 ± 196 nm and

Fig. 11. SEM cross-section and GDOES profiles of oxide scales formed on CP–321ASS after various isothermal oxidation times: (a) 5 h, (b) 20 h, (c) 50 h, and (d)
100 h.
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390 ± 79 nm, respectively. The inner layer is Cr–rich, so it plays a
more important role in the oxidation kinetics and diffusion of ionic
species through the oxide film [28]. This layer in both samples is
compact; however, its thickness is more uniform in the case of
SN–321ASS (≈ 109 ± 10 nm) compared with CP–321ASS (≈
86 ± 39 nm). The presence of such a thick and uniform Cr-rich inner
layer on SN–321ASS can guarantee an improved oxidation behaviour
for further exposures [6].

As can be seen from Fig. 9 (2 h exposure), the total thickness of
oxide films increases to 783 ± 283 nm for CP–321ASS and
726 ± 126 nm for SN–321ASS. The uniform thickness of the oxide
layer on the SN–321ASS sample distinguishes its morphology from the
CP–321ASS. This can result from the presence of a uniformly dense
distribution of high diffusivity paths on the surface of underlying sub-
strate. Moreover, the intermediate region is getting more distinguish-
able with exposure time, so that in the case of SN–321ASS, it is not

discrete and appears as a nearly uniform layer. The EDS results show
that this middle layer is containing Fe, Cr, Mn, and O, suggesting
(Fe,Mn)Cr2O4 or Mn(Fe,Cr)2O4 spinel oxides.

With increasing the exposure time of humid oxidation to 3 h
(Fig. 10), SN–321ASS shows a more uniform oxide layer compared with
CP–321ASS. This uniformity in thickness is observed for the outer
(mainly Fe3O4), inner (mainly Cr2O3), and intermediate (Mn-rich spinel
oxide) layers. It is worth noting that although after 1 h exposure (as
mentioned above), the thickness of the total oxide layer on the
CP–321ASS is less than SN–321ASS (higher initial oxidation rate in the
SN–321ASS); these conditions are reversed after 3 h of exposure. This
value is 1149 ± 83 nm and 1066 ± 33.5 nm for the CP–321ASS and
SN–321ASS, respectively. Fast formation of a thick

Cr-rich inner layer and presence of a spinel intermediate layer in the
SN–321ASS can be considered as the main reasons for its reduced oxide
thickening rate after 3 h and hence to a better protective nature of this

Fig. 12. SEM cross-section and GDOES profiles of oxide scales formed on SN–321ASS after various isothermal oxidation times: (a) 5 h, (b) 20 h, (c) 50 h, and (d)
100 h.
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scale (Fig. 10).
From the EDS results, two more points should also be considered:
(i) Severe Cr depletion in the subsurface layers of CP–321ASS:

Comparing the Cr line scans of CP–321ASS and SN–321ASS (especially
after 3 h) clearly shows that the CP–321ASS suffers from severe Cr
depletion at the steel/oxide interface. This phenomenon can sig-
nificantly affect its resistance to breakaway oxidation [52]. In contrast,
it can be claimed that enhanced grain boundary diffusion in the
SN–321ASS prevented the Cr depletion due to the Cr consumption by
oxidation and simultaneously by Cr-vaporization.

(ii) Ti as a minor alloying element: Although its oxides are more
stable than other existing oxides in both group of oxides [50], it stays in
the inner oxide layer without noticeable outward diffusion.

3.4. Oxidation for the exposure times longer than 3 h

Figs. 11 and 12 show the cross-sectional microstructure and GDOES
profile of the oxide scales formed on the CP–321ASS and SN–321ASS
samples at different exposure times (up to 100 h). GDOES profiles
clearly show that the oxides on both samples show a trend similar to the
3 h exposure i.e. an outer oxide (Fe-rich oxide, mainly Fe3O4, “I” re-
gion), an intermediate oxide (spinel oxide, “II” region), and an inner
oxide (Cr-rich, mainly Cr2O3, “III” region). This behaviour is followed

even during longer exposure times.
For 5 h exposure, both groups show comparable elemental profiles

within the oxide layer (except Cr); however, enhanced formation of
voids beneath the oxide layer of CP–321ASS sample distinguishes its
oxidation behaviour from the SN–321ASS one. The formation of these
voids can be attributed to the Kirkendall effect that happened due to
outward diffusion of alloying elements (especially Cr). As can be seen
from GDOES results, Cr depletion at the steel/oxide interface is a proof
of this claim. In the case of SN–321ASS, not only a nearly void-free
region beneath the oxide layer is observed but a higher Cr content inner
oxide layer is also formed. This shows that the presence of large
amounts of crystallographic defects (mainly GBs and dislocations)
supplies high amounts of Cr for the oxidation front and consequently Cr
depletion below the oxide scale is negligible (for instance, see Fig. 12a).
The void formation (Cr-depletion) at the steel/oxide interface and
below the oxide layer of CP–321ASS sample intensifies as oxidation
proceeds (Fig. 11b–d). This phenomenon can severely affect the oxi-
dation resistance of CP–321ASS. As reported by Zhongdi et al. [22],
these voids merge together during longer exposures, form big cracks in
the oxide scale, and finally chipping of the scale and breakaway oxi-
dation takes place. This failure process is associated with the formation
of uneven and non-uniform oxide layers. Such layers are observed in
the case of CP–321ASS sample after 50 h exposure (Fig. 11c). For the
longer exposures (e.g. 100 h), the oxide layers morphologically consist
of two parts: outer porous layer (Fe-rich oxide) and inner compact layer
(Cr-rich and spinel oxides). Since the outer layer is porous and some-
what powdery, accurate evaluation of the cross-section of these oxides
is not feasible after 100 h (see Fig. S6). As can be observed in Figs. 11d
and 12d, the inner layer is more uniform and thicker in the case of
SN–321ASS, indicating higher oxidation resistance compared with
CP–321ASS sample SS [30]. Based on GDOES results, CP–321ASS suf-
fers from severe Cr-depletion even after 100 h (Fig. 11d); however, this
phenomenon is not significant for SN–321ASS (Fig. 12d). In addition to
the Kirkendall effect, Cr-vaporization may take place during the humid
oxidation. This phenomenon should account for the void formation.

The measured amount of Cr vaporized as volatile Cr (VI) species for
CP–321ASS and SN–321ASS is shown in Fig. 13a. Based on the data
presented in this figure, Cr-vaporization of the CP–321ASS is sig-
nificantly higher than for the SN–321ASS for all exposure times. To
compare the kinetics of vaporization, the rate of Cr-vaporization as a
function of time during isothermal exposure was calculated as illu-
strated in Fig. 13b. A significantly higher rate of Cr-vaporization is
observed for CP–321ASS sample, which may correspond with the free
access of water and/or oxygen to the chromia layer (according to Eqs.
(1) and (2). Inspection of Fig. 13b reveals a considerable decrease in the
Cr-vaporization rate of SN–321ASS after 150 h.

For a better understanding of the elemental distribution in the oxide
scales of coarse- and nano-grained substrates, cross-sectional EDS
mapping was carried out. Fig. 14 depicts the EDS mapping of the
CP–321ASS and SN–321ASS samples after 150 h exposure. In line with
the GDOES results, oxide layers (“I”, “II”, and “III”) can be dis-
tinguished from this elemental mapping. Additionally, the distribution
of different elements is also recognizable. Comparing the EDS mappings
of CP–321ASS and SN–321ASS samples shows that the intermediate
layer for SN–321ASS is uniformly enriched in Fe, Cr, Mn, and Ni oxide
(most probably Mn(Fe,Cr)2O4 or Fe(Cr,Ni)2O4 [9,53]) which interrupts
the outer (Fe-rich) and inner (Cr-rich) oxide layers. In contrast, some
local and discontinuous enrichment of above elements is observed for
the CP–321ASS.

4. Discussion

In the present paper, oxidation behaviour of CP–321ASS and
SN–321ASS samples in humid oxygen at 1000 °C is comparatively in-
vestigated. The SN–321ASS sample shows an improved high tempera-
ture oxidation performance due to the formation of Cr-rich oxides with

Fig. 13. (a) Accumulated Cr vaporization as a function of time, and (b) rate of
Cr-vaporization as a function of time for the CP–321ASS and SN–321ASS
samples.
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high uniformity in thickness, while scales formed on the CP–321ASS are
not able to protect substrate as well as the scales on SN–321ASS.
CP–321ASS suffers from severe spallation after only 50 h oxidation. In
the following sections, oxidation mechanisms are discussed and a
physical model is presented to elucidate the effect of SNC on the oxi-
dation behaviour and Cr-vaporization of 321ASS alloy.

4.1. On the oxidation mechanism of 321ASS and effect of SNC on it

In the initial stage of oxidation, all the elements in the 321ASS have
equal opportunity to react with oxygen and to produce oxide. Among
the most abundant elements in the alloy (i.e. Fe, Cr, and Ni), oxygen
affinity for Cr is significantly higher than Fe and Ni. Hence, oxygen
reacts with Cr and subsequently a Cr-rich inner oxide layer (mainly
Cr2O3) is formed. In the case of SN–321ASS, presence of large number
of high diffusivity paths (GBs and dislocations) leads to a higher supply
rate of Cr in the oxidation front, and consequently a thicker inner layer
with higher concentration of Cr is formed. In addition, due to the
uniform distribution of high diffusivity paths on the surface layers of
SN–321ASS, the oxide film is more uniform in thickness as compared

with the CP–321ASS one. Once the thickness of the inner oxide layer
reaches a critical value [53], it prevents the underlying substrate from
directly contacting with oxygen and the oxidation kinetics is controlled
by diffusion of metallic cations through the oxide layer. The diffusion
coefficients (D) decrease in the order DMn>DFe>DNi>DCr in the Cr-
rich inner layer [54,55]. Considering the high concentration of Fe at the
steel/oxide interface, this element diffuses as iron cations towards the
oxide/atmosphere interface through the Cr-rich oxide film. In this re-
gion, Fe reacts with oxygen and the outer Fe-rich oxide film (mainly
Fe3O4) is produced. The thicker and more protective Cr-rich inner layer
formed on the SN–321ASS can block the outward diffusion of Fe ions
and prevent further formation of the Fe-containing outer oxide layer
(Fig. 10). Comparing Figs. 11 and 12 reveals that this fact can also
influence the long-term oxidation behaviour of 321ASS.

Along with the outward diffusion of Fe ions, steel/oxide interface is
gradually enriched in two main elements: Mn and Ni. As supported by
XPS and TEM results, after the formation of Cr-rich inner and Fe-rich
outer oxide layers, outward diffusion of Mn is probably the most im-
portant step in humid oxidation of 321ASS. Since Mn ions have high
solubility/diffusivity in the Cr2O3 oxide, the formation of its spinel

Fig. 14. EDS mapping of the cross-section samples of (a) CP–321ASS and (b) SN–321ASS subjected to O2 + 10% H2O at 1000 °C for 150 h.
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(most probably Mn(Cr,Fe)2O4) as an intermediate layer between the Cr-
rich and Fe-rich layers is plausible (Figs. 7, 10 and 14). Thermo-
dynamically, the formation of Mn(Cr,Fe)2O4 can be related to the fol-
lowing solid-state reactions [22,56,57]:

⎧
⎨⎩

→ +
+ →

Mn O 4MnO O
MnO  Fe O MnFe O

2 3 2

2 3 2 4 (4)

⎧
⎨⎩

→ +
+ →

Mn O 4MnO O
MnO  Cr O MnCr O

2 3 2

2 3 2 4 (5)

⎧
⎨⎩

+ → +
+ →

Mn  FeCr O MnCr O  Fe
3Fe  2O Fe O

2 4 2 4

2 3 4 (6)

⎧
⎨⎩

+ → +
+ →

Mn  Fe O MnFe O  Fe
3Fe  2O Fe O

3 4 2 4

2 3 4 (7)

Nickel enrichment at the steel/oxide interface was also observed in
the present study. Due to the lowest oxygen affinity of Ni among all the
constituents of 321ASS, this element is the least likely to be oxidised.
Additionally, its diffusion rate is less than Fe, Cr, and Mn.
Consequently; during initial stages of oxidation, Ni does not take part in
the oxidation reactions and will be mainly left at the steel/oxide in-
terface. For longer exposures (e.g. 150 h i.e. Fig. 14), minor outward
diffusion of this element leads to the formation of Fe-Ni spinel oxide
particles between the Cr-rich inner and Fe-rich outer layers.

Although similar Mn-rich spinels are observed in the oxide films

formed on both CP–321ASS and SN–321ASS samples, their distribu-
tions are completely different. Similar to what stated for Cr and Fe, the
higher density of high diffusivity paths which uniformly are distributed
throughout the surface of SN–321ASS, provide enhanced amounts of
Mn at nearly all areas of steel/oxide interface. These elements are prone
to diffuse across the Cr-rich inner layer, take part in the solid state
reactions, and finally form a uniform Mn-rich spinel oxide as an in-
termediate layer. In contrast, considering the surface grain size of
CP–321ASS (≈ 380 μm at 25 °C), it can be claimed that Mn mainly
reaches the steel/oxide interface through the large angle GBs. In this
way, Mn-rich spinel oxide appears with a very sparse distribution be-
tween the Cr-rich inner and Fe-rich outer layers. It is worth noting that
coarsening of the nanocrystalline surface grains would take place at
high temperatures; however, our previous work suggested that
SN–321ASS shows a good thermal stability so that its top-surface grain
size is several orders of magnitude smaller than the CP–321ASS even
after 10 h vacuum annealing at 1000 °C [33]. Fig. 15 presents a physical
mechanism of oxidation process in the CP–321ASS and SN–321ASS
samples.

4.2. Effect of SNC on the Cr-vaporization from 321ASS

Based on a report by Pakshith et al. [58], higher Mn contents leads
to a reduced Cr-vaporization rate. They claimed that it is necessary to
make the supply of Mn from the underlying substrate to the steel/oxide
interface high enough to form a continuous Mn-rich spinel on the

Fig. 15. Schematic diagram illustrating oxidation of the CP–321ASS and SN–321ASS in O2 + 10% H2O at 1000 °C: (1) Fe-rich outer oxide layer, (2) Cr-rich inner
oxide layer, (3) sub-scale region enriched in Ni, and (4) Mn-rich spinel oxide.
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chromia layer. This layer interrupts the direct access of water and/or
oxygen to the Cr-rich inner layer, and consequently reduces the Cr-
vaporization. In fact, adding more Mn is a normal solution to improve
the resistance of stainless steels to Cr-vaporization [59]. Increasing the
density of GBs and dislocations (i.e. high diffusivity paths) by SNC can
also be considered as an alternative way to provide abundant amounts
of Mn at the steel/oxide interface. As previously shown in this work,
providing higher amounts of Mn in the oxidation front of SN–321ASS
leads to the formation of a continuous and uniform Mn-rich spinel oxide
intermediate layer on the Cr-rich inner layer (Fig. 14). This layer cuts
off the water and/or oxygen access to the Cr-rich inner layer and de-
creases the Cr-vaporization rate (according to the Eqs. (1) and (2)).

5. Conclusions

From this study, oxidation behaviour of surface nanocrystallized
321 ASS (SN–321ASS) and coarse-grained one (CP–321ASS) in O2 +
10% H2O at 1000 °C, following conclusions can be drawn:

(1) Oxide films with nearly similar compositions form on the
CP–321ASS and SN–321ASS. Both samples show a Fe-rich outer
oxide and a Cr-rich inner oxide as continuous layers. The main
difference in the configuration of oxide films is related to the for-
mation of Mn-rich spinel oxides. In the SN–321ASS, the Mn-rich
spinel oxide appears as a continuous and uniform intermediate
layer between two mentioned layers; however, this spinel oxide is
formed between the inner Cr-rich and outer Fe-rich oxide layers as
separated and sporadic particles in the CP–321ASS. It is notable
that the valence state of elements in the oxide film is not influenced
by the surface nanocrystallization.

(2) Enhanced outward diffusion of Cr due to the presence of a large
number of high diffusivity paths in the surface layers of underlying
substrate (i.e. GBs and dislocations) guarantees the formation of a
thicker Cr-rich inner oxide layer with high uniformity for the
SN–321ASS sample.

(3) Ni enrichment was observed at the steel/oxide interface for both
CP–321ASS and SN–321ASS. The concentration of Ni at the steel/
oxide interface of SN–321ASS was higher than for the CP–321ASS
one.

(4) In the case of SN–321ASS, the presence of a uniform Mn-rich spinel
oxide intermediate layer on Cr-rich inner layer leads to a reduced
Cr-vaporization rate for the long exposures. In contrast, CP–321ASS
suffers from a continuous vaporization with a rate of several times
higher than for the SN–321ASS one.

(5) Unlike the SN–321ASS sample, many voids are created due to the
Kirkendall effect and Cr-vaporization underneath the oxide film
formed on the CP–321ASS.
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