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Oxidation behaviour of surface nanocrystallized 321 austenitic stainless steel (SN–321ASS) and its conventional
polycrystalline counterpart (CP–321ASS) in Ar + 20% O2 at 800 °C is comparatively investigated. Severe
breakaway oxidation sets in for the CP–321ASS after 100 h, while the SN–321ASS shows a higher oxidation
resistance. Surface nanocrystallization increases the diﬀusion and ﬂux of Cr towards the oxidation front, and can
consequently promote the kinetics of early oxidation and accelerate the formation of a thicker Cr-rich inner
oxide layer, which aids in prohibiting the enhanced formation of Fe-rich oxides.

1. Introduction
AISI 321 is a titanium stabilized grade of austenitic stainless steels
(ASSs) which is widely used in high temperature applications, such as
nuclear power reactors, boilers, chemical reactors, aircraft's engine and
automobile exhaust systems [1,2]. Addition of Ti prevents precipitation
of grain boundary carbides (i.e. sensitization) and contributes to precipitation hardening by the formation of small MX-type carbides [3].
However, when this alloy is submitted to too high temperatures in
oxidizing atmospheres, extensive oxide spallation may reduce its lifespan and potential use [4]. Another disadvantage of AISI 321 is its low
hardness, which leads to very poor tribological properties [5].
Over the past several decades, a number of diﬀerent methods have
been proposed to enhance the surface performance of ASSs. Among
these methods, surface nanocrystallization (SNC) has been renowned
for signiﬁcant improvements in the surface properties without changing
the chemical composition [6–8]. Typically, nanocrystallized surfaces
show superior mechanical properties [9], improved fatigue behaviour
[10], better tribological properties [11], and higher hardness [12],
compared with their coarse-grained counterparts. Various surface severe plastic deformation (SSPD) methods are used to generate a grain
size gradient at the surface layers of metallic materials. This gradient in
grain size consists of nano-grains at the topmost surface to ultraﬁne-/
ﬁne-grains in sub-surface layers [13]. The SSPD methods include severe
shot peening (SSP) [14], laser shock peening (LSP) [15], surface mechanical attrition treatment (SMAT) [16], ultrasonic impact treatment

⁎

(UIT) [17], ultrasonic surface rolling process (USRP) [18], ultrasonic
electronic surface modiﬁcation (UESM) [19], etc. [20,21]. Among these
techniques, SSP is a well-known method used to increase the performance of ASSs in diﬀerent service conditions and to create nanostructures on their surfaces [22]. Given that the SNC greatly enhances
the density of grain boundaries (i.e. high diﬀusivity paths) in the subsurface layers of treated alloys, this process can also be applied to accelerate and/or facilitate the diﬀusional phenomena such as high
temperature oxidation. In line with this fact, many researchers have
examined the eﬀect of grain size and SNC on the high temperature
oxidation behaviour of ASSs and claimed that the grain reﬁnement may
modify the diﬀusion modes and consequently improves the oxidation
performance. The generally accepted view is that decreasing grain size
of ASSs mainly results in: (i) enhanced selective oxidation of Cr, as a
scale-former element, and fast formation of Cr-rich scale, and (ii) increase in the sites of oxide nucleation [4,23–26]. In fact, it is believed
that the presence of a large fraction of grain boundaries increases the
surface energy of nanocrystalline/ultraﬁne-grained ASSs which may
facilitate the adsorption, chemisorption, and diﬀusion phenomena,
which are critical steps in the oxidation. Despite previous researches,
there is a need for an investigation to move towards a better understanding of the eﬀects of SNC on the initial stages and breakaway
oxidation performance of AISI 321, as an ASS alloy for high temperature applications.
This paper is therefore conﬁned to the above-mentioned open
questions. For this purpose, the oxidation behaviour of a surface
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nanocrystallized AISI 321 was compared with its polycrystalline
counterpart at 800 °C in Ar–20 vol.% O2. SNC induced by SSP process
has been described in our previous works [6,13,27,28]. Oxidized
samples were analyzed by grazing incidence X-ray diﬀraction (GI-XRD),
ﬁeld emission scanning electron microscopy (FE-SEM), glow discharge
optical emission spectroscopy (GDOES), and transmission electron microscopy (TEM).
2. Materials and methods
The raw material used in this study was AISI 321 (321ASS) bar with
chemical composition (in wt.%) of 0.02 C, 0.55 Si, 1.48 Mn, 18.10 Cr,
0.11 Mo, 9.69 Ni, 0.016 P, 0.011 S, 0.46 Ti and balance Fe. The bar had
ﬁrstly been solution annealed at 1100 °C for 2 h and then quenched in
water. Samples were cut into 6.0 mm (in thickness) × 80.0 mm (in
diameter) discs by electrical discharge machining. The surfaces of
prepared discs were then ground to 2000# SiC paper. Subsequently,
these samples were ﬁrst washed in deionized water, then sonicated in
ethanol, and immediately dried with a hot air blower. Afterwards, discshaped samples were subjected to the SSP treatment with ≈ 0.58 mm
diameter high carbon steel beads at 0.3 MPa for 60 min. To generate
reproducible plastic strains, the shot angle and the distance between the
nozzle and top surface were set to 90° and 400 mm, respectively. Based
on our previous works [6,13], this surface treatment leads to a full SNC
on the AISI 321 samples.
Oxidation tests were conducted in Ar–20% O2 at 800 °C for diﬀerent
periods of time up to 150 h. For these experiments, square samples of
approximately 12 × 12 × 2 mm were prepared from the non-treated
and shot peened discs. The non-treated and shot peened samples are
named as conventional polycrystalline 321 austenitic stainless steel
(CP–321ASS) and surface nanocrystallized one (SN–321ASS) hereafter.
The average surface grain sizes of CP–321ASS and SN–321ASS were
380 μm and 75 nm, respectively [6]. Before heating, the atmosphere
inside the chamber was changed to Ar. After reaching 800 °C, the
chamber was evacuated and subsequently, mentioned atmosphere was
introduced into the furnace at a ﬂow rate of 20 cm3 min−1. Each experimental condition was repeated at least three times, and valid experimental data with good reproducibility were reported as the ﬁnal
result. Characterization of surface morphology 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 were used
for the cross-sectional analyses. As described in [29], TEM/EDS (FEI
Tecnai G2) and GI-XRD (X’Pert PRO, PANalytical Co., Almelo, Holland)
methods were applied for the early stages of oxidation. FE-SEM (Hitachi
SEM FE 4800), GDOES (GDOES, GD-Proﬁler 2, sputtering crater 3 mm,
sputtering rate 25 nm/s), and GI-XRD techniques were also used for
characterization of oxide scales after longer exposure times (10–150 h)
leading to suﬃciently thick oxide ﬁlms.

Fig. 1. GI-XRD patterns of the (a) CP–321ASS and (b) SN–321ASS samples after
oxidation in Ar-20 vol.% O2 at 800 °C for diﬀerent times. (1) (Cr,Fe)2O3, (2) Mn
(Fe,Cr)2O4, (3) substrate, (4) Fe2O3, (5) Ni(Fe,Cr)2O4.

Supplementary material). Moreover, some (Fe,Cr,Mn)-rich oxide nodules are already observed along the grain boundaries (GBs) and triple
points (TPs) of the underlying substrate (Fig. S1). Referring to the
corresponding GI-XRD pattern, these phases can be identiﬁed as Mn
(Fe,Cr)2O4. After 10 h exposure, the size of oxide particles (size in the
range of 0.1–2.2 μm) signiﬁcantly increases, and consequently they
cover the entire surface (Fig. 2c). First cracks in the oxide layer are
apparent after 50 h oxidation (Fig. 2d–f). Evidences for the important
roles of GBs for the material transport during the high temperature
oxidation of 321ASS are demonstrated in Fig. 2e and f. As can be seen,
in spite of the exposure of several square micrometres of the unaltered
substrate surface, the ﬁrst oxide nuclei are preferentially formed on the
GB. This issue has already been discussed by Ulrich et al. [31] for lowchromium steels. After 100 h and 150 h oxidation, severe spallation
after scale cracking can be recognized. In numerous regions, newlyformed (Ni,Fe)-rich oxides (according to the GI-XRD results, Ni
(Fe,Cr)2O4 phase) can be found on the spalled area (Figs. 2g–h and S2).
For the SN–321ASS, a large number of oxide nodules are formed
after 2 h oxidation (Fig. 3a). With the elapse of exposure time, oxide
particles uniformly cover the entire surface. Size of these particles alters
from 0.15–0.65 μm (10 h oxidation) to 2.30–5.10 μm (150 h oxidation).
First indications of spallation of the oxide scale were detected in samples after 150 h oxidation as shown in Fig. 2e–h. Unlike the CP–321ASS
sample, oxide nuclei are uniformly distributed over the whole surface of
the spalled zone (Fig. 3f and h).
Cross-sectional oxidation morphology of CP–321ASS and

3. Results
Fig. 1 shows GI-XRD patterns of the CP–321ASS and SN–321ASS
samples after oxidation for diﬀerent periods of time. The results reveal
that Mn(Fe,Cr)2O4 and (Cr,Fe)2O3, are the two major phases formed
during oxidation for both samples. However, the main diﬀerence between these patterns is the time leading to formation of Ni(Fe,Cr)2O4 in
CP–321ASS and SN–321ASS samples. This phase appears after 10 h in
the CP–321ASS sample, and its peak intensity gradually increases for
further exposures. On the other hand, a weak peak of Ni(Fe,Cr)2O4 is
observed for the SN–321ASS sample after 100 h. Formation of (Ni,Fe)rich oxides in the oxidation of ASS corresponds to Cr depletion in the
substrate beneath oxide layer [30].
Fig. 2 shows surface morphology of the CP–321ASS after oxidation
for diﬀerent times in Ar–20% O2 at 800 °C. Initially (Fig. 2a), a fastgrowing (Fe,Cr)-rich oxide layer is formed (see Fig. S1 in the
2
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Fig. 2. SEM surface morphologies of the CP–321ASS sample after oxidation in Ar-20 vol.% O2 at 800 °C for: (a,b) 2 h, (c) 10 h, (d,f) 50 h, (g) 100 h, and (h) 150 h.

like oxides. Intergranular oxides, shown in Fig. 6a, increase the adherence of the scale to the alloy substrate, thus avoiding premature
oxide spallation. Similarly, Yu et al. [32] suggested that the grain reﬁnement improves the adhesive properties of oxide scale. Comparing
the Fe and Cr depth proﬁles in Figs. 5a and 6 a clearly shows that,
unlike the SN–321ASS sample, CP–321ASS suﬀers from Fe and Cr depletion in the sub-scale regions after only 10 h oxidation. During longer
oxidation of CP–321ASS, at some sites, interconnected holes starting to
form cracks parallel to the alloy surface are evident (Fig. 5b). After
100 h, holes and cracks merge together and form big gaps, and consequently decrease the mechanical stability of oxide. As shown in Fig. 5c,
the development of holes and cracks results in the spallation of the
oxide scale on speciﬁc surface sites. This failure contributes to the
formation of uneven and non-uniform oxide layers [29]. Both GDOES
elemental proﬁles and SEM micrographs (Fig. 5) reveals that the Fe and

SN–321ASS samples oxidized for diﬀerent durations are presented in
Figs. 4–7. For the ﬁrst 2 h, oxide scales on both samples are very thin
and can therefore not be diﬀerentiated from the substrate by SEM.
Consequently, TEM was applied to investigate the oxide scales formed
at the early stages of oxidation. After 2 h (Fig. 4), the oxide scales on
both samples display a continuous (Fe,Cr)-rich layer on the 321ASS
substrate with some (Fe,Cr,Mn)-rich particles on this layer. The total
thickness of (Fe,Cr)-rich layer on the CP–321ASS and SN–321ASS
samples is 57 ± 24 nm and 92 ± 8 nm, respectively. With increasing
the oxidation time to 10 h, some pores are formed beneath the oxide
layer of CP–321ASS. In the case of SN–321ASS, besides the absence of
pores, also the formation of peg-like oxides at the oxide/substrate interface characterizes the oxidation performance of this sample compared to the CP–321ASS sample. Obviously, inward diﬀusion of oxygen
ions along the substrate grain boundaries leads to the formation of peg3
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Fig. 3. SEM surface morphologies of the SN–321ASS sample after oxidation in Ar-20 vol.% O2 at 800 °C for: (a) 2 h, (b) 10 h, (c) 50 h, (d) 100 h, and (e–h) 150 h.

Cr depletion beneath the oxide layer (“II” regions in GDOES proﬁles)
corresponds to the pore/gap formation in this area. Furthermore, the Cr
depletion around the pores, is accompanied by Ni and Fe enrichment in
the corresponding region (Fig. S3). In contrast, SN–321ASS shows a
more uniform oxide layer in diﬀerent exposure times (Fig. 6). It is
worth noting that for the longer exposures (more than 50 h), the oxide
layer on SN–321ASS can be morphologically divided into two parts:
outer porous layer (Fe-rich oxide) and inner compact layer (Cr-rich
oxide). In this sample, Cr depletion along GBs is gradually observed
after 100 h exposure (Fig. 6c–d).

investigated. Oxide scales formed on the CP–321ASS are not able to
protect the 321ASS alloy in the elucidated conditions. Intense spallation
occurs after 100 h exposure. However, no severe spallation is evident
for SN–321ASS samples even after 150 h oxidation. Since various processes during high temperature oxidation are sustained by diﬀusion,
this improvement in the oxidation resistance of SN–321ASS could be
mainly attributed to the presence of a high volume fraction of fast
transport paths for essential elements in the sub-surface region of this
sample. In the following sections, protection mechanisms due to the
reﬁnement and/or nanocrystallization of surface grains are discussed.

4. Discussion

4.1. The eﬀect of SNC on the Cr diﬀusion/ﬂux

In the present study, the high temperature oxidation behaviour of
CP–321ASS and SN–321ASS samples in Ar–20 vol.% O2 at 800 °C is

Based on the presented EDS and GDOES results and considering that
Cr has the highest diﬀusion coeﬃcient of all included elements in the
4
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Fig. 4. 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.

alloy, the beneﬁcial eﬀect of SNC on the oxidation behaviour can
mainly be attributed to altered Cr diﬀusion/ﬂux. To shed light on the
underlying mechanisms of SNC on the high temperature oxidation as a
diﬀusional phenomenon, modiﬁed equations of diﬀusion and ﬂux for
the ultraﬁne- and/or nano-grains need to be discussed.
The enhanced presence of high diﬀusivity paths in the sub-surface
regions of SN–321ASS could modify the diﬀusion parameters and
consequently aﬀect oxidation kinetics of SN–321ASS. The eﬀective
diﬀusivity (Deﬀ) is given below [33]:

for the lattice ﬂux:

Deff = (1 − f ) DL + f . DGB

Where CB and CS are respectively the bulk concentration and ﬁxed
surface concentration, and t is the oxidation time [4]. The ﬂux ratio of
species diﬀusing via GBs versus lattice is then given by:

JL =

JGB =

(1)

2dδDGB (CB − CS)
(πDGB t )1/2

(5)

1/2

3δ
d

JGB
2δ ⎛ DGB ⎞
=
JL
d ⎝ DL ⎠
⎜

(2)

where δ and d are the grain boundary width and grain size, respectively. Since DGB > > DL, Eq. (1) can be rewritten as:

Deff = DL +

(4)

And for the GBs ﬂux:

where f is the area fraction of GBs, DL is the lattice diﬀusivity, and DGB
is the grain boundary diﬀusivity. For the sphere-shaped grains [34]:

f=

d 2DL (CB − CS)
(πDL t )1/2

3δ
DGB
d

⎟

(6)

As the grain size decreases from ≈ 380 μm for the CP–321ASS
sample down to ≈ 75 nm for the SN–321ASS one, the JGB/JL ﬂux ratio
increases from 8.3 × 10−4 to 4.2. This strong increase indicates that the
amount of Cr provided by the diﬀusion paths in the topmost surface
layer of the SN–321ASS for taking part in the oxidation reaction is remarkably larger than the CP–321ASS one.
Supported by the experimental results, this drastic increase in the
diﬀusion and ﬂux of Cr along the GBs due to the SNC can be also expected to guarantee the formation of a thicker and more uniform Crrich inner oxide layer. This assumption explains also the higher Cr
content in the inner oxide scale of the SN–321ASS at the early stages of
oxidation, compared to CP–321ASS. The Cr-rich oxides, such as
(Cr,Fe)2O3, not only improve the oxidation resistance but also exhibit
better mechanical stability due to their smaller mismatch between the
thermal expansion coeﬃcients of oxides and the substrate [4,32].

(3)
’

Assuming Deﬀ and D eﬀ as the diﬀusivities of Cr in the SN–321ASS
and CP–321ASS samples, Deﬀ is more than three order of magnitude
greater than D’eﬀ (d = 75 nm and d’ =380 μm [6], Dgb/DL ≈ 105 [35],
and δ ≈ 5 nm [36]). This increase in the eﬀective diﬀusivity can be
accompanied by the increase of oxidation kinetics. In fact, the greater
GBs density, the higher eﬀective diﬀusivity of Cr towards the oxidation
front, and consequently the faster oxidation of SN–321ASS is accompanied by the enhanced attack along uniformly distributed GBs at the
initial stages of oxidation (see Fig. 4).
In addition to the above-mentioned reasons, the eﬀect of SNC on the
Cr ﬂux via lattice and GBs for a semi-inﬁnite geometry should also be
considered. Assuming negligible transfer of Cr to and from the grains,
5
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Fig. 5. SEM cross-section and GDOES proﬁles of oxide scales formed on CP–321ASS after various isothermal oxidation times: (a) 10 h, (b) 50 h, (c) 100 h, and (d)
150 h. (I) First indications of oxide spallation is observed after 100 h.

6
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Fig. 6. SEM cross-section and GDOES proﬁles of oxide scales formed on SN–321ASS after various isothermal oxidation times: (a) 10 h, (b) 50 h, (c) 100 h, and (d)
150 h. Cr depletion is identiﬁed after 100 h.

7
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Fig. 7. Schematic diagram illustrating oxidation of the CP–321ASS alloy in Ar20 vol.% O2 at 800 °C. Layer 1 and layer 2 are Mn(Fe,Cr)2O4 and (Cr,Fe)2O3,
respectively.

Fig. 8. Schematic diagram illustrating oxidation of the SN–321ASS alloy in Ar20 vol.% O2 at 800 °C. Layer 1 and layer 2 are Mn(Fe,Cr)2O4 and (Cr,Fe)2O3,
respectively.

4.2. Suggested model for oxidation

composed of (Cr,Fe)2O3 and the outer one mainly consists Mn
(Cr,Fe)2O4. At this early stage, diﬀerent behaviours are observed for
CP–321ASS and SN–321ASS samples. Due to the fast consumption of Fe
and Cr on the oxidation front and lack of adequate supply of these
elements from the underlying surface regions of CP–321ASS (Fe and Cr
depletion), Kirkendall holes are formed beneath the oxide scale of this
sample (Fig. 5a). Irrespective of the dominating mechanism, these holes
can be considered as the main reason for the spallation of the oxide
scale. During further oxidation, the buried holes connect with each
other to form cracks and larger gaps. As the oxidation front reaches
these cracks/gaps, ﬁnal spallation of scale takes place. Scale spallation
is followed by breakaway oxidation. For CP–321ASS, this detrimental
stage of scale growth is observed after 100 h exposure and correlates
with considerable formation of Ni(Fe,Cr)2O4 (Figs. 1 and S2). In contrast, the TEM/EDS and SEM/GDOES results (Figs. 4b and 6 a) demonstrate that enhanced grain boundary diﬀusion in the SN–321ASS
not necessarily results in Fe and Cr depletion (i.e. no pores were detected beneath the oxide scale). However, the higher supply rate and
outward diﬀusion of Cr towards the oxidation front guarantees the
rapid formation of a thicker and more uniform inner layer with higher
concentration of Cr. This inner layer formed on the SN–321ASS can
remarkably reduce the outward diﬀusion of Fe and Cr, and eﬀectively
postpone the formation of pores. First indications of this phenomenon
are identiﬁed after 100 h exposure which in turn shows that the
breakaway oxidation can be expected to occur signiﬁcantly later, as
compared with the CP–321ASS.
In order to model the above-mentioned explanations, oxidation

Considering the amount of alloying elements and their aﬃnity to
oxygen comprehensively, (Cr,Fe)2O3 oxide is ﬁrst phase that formed on
the 321ASS. Since diﬀusion of Cr and O ions through this oxide is
comparably slow, it possesses a high oxidation resistance. However, Fe
and Mn ions have a large solubility and mobility in this compound.
Therefore, oxides of Fe and Mn (mainly Mn(Fe,Cr)2O4) will also develop upon the initially formed (Cr,Fe)2O3 oxide (Fig. 4). This scenario
occurs for the CP–321ASS and SN–321ASS samples with diﬀerent kinetics especially during the early stages of oxidation. Compared with
the CP–321ASS, a thicker (Cr,Fe)2O3 layer with a higher number of
(Fe,Cr,Mn)-rich particles is observed for the SN–321ASS sample. This
ﬁnding indicates the presence of large number of high diﬀusivity paths
(mainly GBs) in the uppermost sub-surface regions of SN–321ASS leads
to a higher supply rate of alloying elements (namely Cr) in the oxidation front, and consequently a thicker layer with higher concentration
of Cr is formed in the early stages of oxidation. In addition, due to the
homogeneous 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. Unlike in the corundum-type oxide
(Cr,Fe)2O3, defects densities and also number of vacancies can be expected to signiﬁcantly increase in the spinel-type oxide Mn(Fe,Cr)2O4,
that consequently grows with a higher rate [37]. After 10 h oxidation,
the initially formed oxide scales on both samples can be divided into
two layers: the inner layer and the outer one. The inner scale is
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processes of the CP–321ASS and SN–321ASS samples are schematically
illustrated in Figs. 7 and 8, respectively. For the CP–321ASS, three
periods can be considered: (I) fast early oxidation, (II) continuous
oxidation, and (III) breakaway oxidation. During periods “I” and “II”,
fresh surface of CP–321ASS is mainly covered by (Cr,Fe)2O3 inner layer
and Mn(Cr,Fe)2O4 outer layer. The main diﬀerence between these
stages is their kinetics: “I” occurs faster than “II”. At the same time,
Kirkendall holes in underlying 321ASS immediately form beneath the
inner (Cr,Fe)2O3 layer. The holes connect with each other to form a gap
and ﬁnally the oxide scale spalls. Thereafter, following oxidation phenomenon, i.e. breakaway oxidation are attributed to period “III”. The
oxidation process of SN–321ASS can also be divided into three periods:
(I) rapid early oxidation and peg formation, (II) stable oxidation, and
(III) pore formation. The growth rates of inner and outer layers during
oxidation of this sample in period “I” is higher than that of CP–321ASS.
Additionally, as a result of inward growth of Cr-rich oxides along the
GBs of SN–321ASS alloy substrate, i.e. GBs served as short circuit diffusion path for oxygen ions, some oxide pegs form instead of pores.
During period “II”, oxide pegs laterally grow and a dense, adherent, and
smooth Cr-rich inner oxide layer forms on the alloy/oxide interface
which controls the oxidation kinetics of this sample. The evolutions in
this period are in agreement with Harrisons’ classiﬁcation of the diffusion kinetics in polycrystals [38]. After long-term exposure (more
than 100 h exposure), due to continuing oxidation and selective consumption of Cr, Cr depletion (especially along the GBs of SN–321ASS
substrate) is gradually observed (period “III”).

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.corsci.2019.108282.
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