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Abstract

The passive film mainly consists of oxides and hydroxide and is a key for corrosion protection of metallic materials. It increases
the durability and performance of engineering components by spontaneous formation of effective, adherent barrier between the
corrosive environment and a substrate. Herein, influence of plastic strain and after heat treatment on austenitic stainless steels was
compared with the focus on stability of the passive film. The following materials were used in this study: Sanicro 28™, AISI
316 L, and AISI 304 L. These specimens were subjected to a true strain of 0.58. The conventional three-electrode cell was used to
record the anodic potentiodynamic polarization curves. The grain size and other misorientation parameters were extracted using
electron backscattered diffraction (EBSD). Fourier transform infrared spectroscopy (FTIR)-imaging was used for capturing
chromium oxide (Cr,O5) peaks for all specimens. The average area of Cr,O5 peaks was compared with deformed and after heat
treatment of 700 °C 30 min specimens. It was found that heat-treated specimens exhibited slightly higher average area of Cr,O5
than deformed.
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Introduction

Austenitic stainless steels of 18% chromium and 8% nick-
el are potentially used in harsh engineering applications
due to their good mechanical and corrosion properties,
particularly at elevated temperatures. The formation of
precipitation and their influence on properties have been
studied in detail by researchers across the globe [1, 2]. It
has been reported that the exposure to elevated tempera-
ture range (500 °C-800 °C), leads to precipitation of
M;3C type of carbides [3]. In general these precipitates
form at grain boundaries that decrease corrosion resis-
tance. The improper heat treatment, welding, during ser-
vice of austenitic stainless steels increase the risk of
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precipitation, particularly M;,3;Cs carbides, thereby
forming chromium depletion zone, adjacent to carbides.
Further, it has been shown that chromium depletion zone
at/along the grain boundaries is clear indication of mate-
rials susceptibility to intergranular corrosion (IGC). There
has been mitigation techniques/strategies available for
sensitization of stainless steel [4, 5]. During fabrication
of austenitic stainless steel components, the plastic strain
is generated [6, 7]. The factors such as deformation, mi-
crostructure, grain size [8], alloy chemistry [9], condition
the corrosion behavior. Further, it is known that contra-
dictions exist about the exact role of the deformation de-
spite several studies have been carried out by the re-
searchers. In addition, all the reports were concluded
based on the combined effect. It has been reported that
23% deformation of austenitic stainless steels exhibited
increased corrosion resistance [10]. Controlling and en-
hancing the corrosion resistance of metallic materials re-
mains critical. This requires an understanding of substruc-
tural features/parameters. The ‘self-cleaning’ tendency in
austenitic stainless steel is attractive and plays key role in
determining corrosion resistance. The corundum type
chromium oxide (Cr,O3) plays a major role in the
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passivating of stainless steel [11]. The science behind the
long-lasting shining of stainless steel is passivity. In gen-
eral, the passivity is defined as materials ability of corro-
sion resistance when the thermodynamic tendency favors
a corrosion reaction. It is also said that, ease of surface
barrier film of oxide /hydroxide. Further the passive film
is usually of semiconducting oxide (oxide /hydroxide)
layer of n or p-type semiconductor properties. The loss
of passivity leading pitting corrosion is generally ex-
plained by the three main mechanisms. These are penetra-
tion, film breaking, and adsorption. The alloy chemistry
[12—14], thermal history and microstructure [15] and test
environment (exposure) affect the stability of passive
film. For instance, the niobium (Nb) is generally added
to stabilize the austenitic steel grades thereby increase the
resistance of IGC and pitting corrosion [12, 13]. Further,
nitrogen (N), nickel (Ni) are also added for stabilizing
austenite. The microstructure includes, grain, grain
boundary, inclusion, precipitates, grain orientation, nature
of grain boundary and its types have also been shown to
affect the passivation. It is widely known that halides and
chlorides is detrimental to stability of passive film and it
leads to initiation of pitting corrosion. It is also reported
that the addition of chlorides [16], produced defective
passive films [17], further, the role of chromium (Cr), in
determining the defect densities of passive film is high.
They have reported that less defective passive film for
stainless steel specimens with higher Cr [17]. The direct
observation of passive film was observed using advanced
TEM techniques. They reported that the passive film
formed on duplex stainless steels exhibited step-like un-
evenness [18]. Thus the passive film is influenced by the
composition and microstructures of steel substrate.
Although, the passive film of stainless steel is much
discussed and widely explored, the exact relationship be-
tween the influence of local microstructure and the stabil-
ity of passive film and initiation of pits is not understood.
In another study, the local electrical resistance of the sur-
face passive film has been studied by the researchers
using conductive atomic force microscopy (CAFM) [19].
It has been reported that increase in corrosion resistance
of ultrafine-grained +annealed duplex stainless steels in
borate buffer test solution [20]. The same research group
indicated reverse trend, deteriorated corrosion resistance
of ultrafine-grained +annealed specimens in a 0.1 M
NaCl test solutions, further in 0.5 M H,SO,4 and borate
buffer solution, it is reported that increase in corrosion
resistance of passive film reverses [21]. The interrupted
tensile test was carried out for studying passivity of 316 L
stainless steel [22]. They found that due to increased cat-
ion vacancy reduced corrosion resistance of passive film.
The stoichiometry, microstructure and electronic proper-
ties of passive film strongly condition the stability of

SEM

passive film. Since the stability of passive film is critical
for engineering applications. Hence researchers have been
extensively studied passive film using spectroscopy and
microscopy techniques. These are Auger electron spec-
troscopy (AES) and x-ray photoelectron spectroscopy
(XPS) and Mott-Schottky analysis. It is reported that the
doping concentration in passive film, increased the defect
density (through the application of in-situ tensile strain in
AISI 316 L stainless steels) in passive film [22, 23].
Further, when deformed AISI 304 stainless steel is
unloaded, the more quantity of strain-induced martensite
form, this tendency is very high as reported. This behav-
ior is observed during cyclic loading. It is reported that,
the deformed specimens of stainless steels exhibited more
chromium content than the heat treated [24]. However
Rangel et al. reported that opposite [25]. This was the
motivation in this study. Herein, influence of plastic strain
and after heat treatment on austenitic stainless steels were
compared with the focus on stability of passive film. The
stability of passive film was related to the intensity of
Cr,03 as measured from Fourier transform infrared spec-
troscopy (FTIR)-imaging. In general, spectroscopy deals
with interaction between matter and light. The infrared
(IR) spectroscopy is a technique of using electromagnetic
radiation in infrared region. Thus, IR spectroscopy is the
analysis (absorption, emission and reflection) of infrared
light interacting with molecule. The included IR regions
are approximately classified into near, mid and far infra-
red. The FTIR-imaging uses the Fourier series transform
(a mathematical concept, named after a French mathema-
tician and physicist called Joseph Fourier) that converts
data into spectrum to reveal very fundamental information
about the molecular structure. The infrared light from the
source is allowed to pass through the Michelson interfer-
ometer, refracted and transmitted forming an interfero-
gram, converted into a spectrum by Fourier transform.
Spectroscopy, in general, non-destructive method of de-
termining the atomic or molecular structure. When the
infrared radiation interacts with a substance, the following
is possible: absorption, transmission, reflection, and scat-
tering. These provide ample information about the struc-
ture and the energy level. The very detailed piece of in-
formation about the mechanism and working principle are
found in this reference [26]. The possibilities of using
FTIR spectroscopy are enormous and increasing. The ma-
jor application includes (i) compound identification, (ii)
structural identification, (iii) quantitative analysis of spe-
cies and (iv) measuring fundamental properties, and (v)
characterization of chemical structure of molecules, and
other species. The technological advancement and new
possibilities of combining microscopic and spectroscopic
add/improve new insights to fundamental understandings
for closer inspection. It is reported that the passivity
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Table 1 Chemical composition of types of austenitic stainless steels used in this study (wt%)

C P Mn S Cr Mo Si Ni Cu N
Sanicro 28 ™ 0.020 0.025 2.0 0.015 27.00 3.6 0.60 31.0 1.09 -
AISI316 L 0.020 0.010 1.0 0.020 16.25 23 0.38 10.73 - 0.10
AISI 304 L 0.029 0.025 1.78 0.010 18.01 - 0.20 8.21 - 0.037

exhibit extreme heterogeneities at the micro/nano scale.
The role of passive film was extensively studied using
AFM and XPS techniques [27]. The volta potential pa-
rameter from scanning Kelvin probe force microscopy
(SKPFM) has been used to study about passive film of
duplex stainless steel [28]. SKPFM is a combination of
Kelvin probe technique and AFM. Volta-potential differ-
ence that existed in the deformed microstructure and their
misorientation was related. For this, the EBSD and
SKPFEM together were used [29]. Further, the technique
of EBSD has been used with other spectroscopic and mi-
croscopic techniques.

Experimental Methods

The alloy chemistry of austenitic stainless steel used in this
study, varied, particularly chemical elements such as nickel,
chromium, and molybdenum. The exact chemical composi-
tion of the alloy used in this study is shown in Table 1. To
impose plastic strain of 0.58, these specimens were exactly
machined and interrupted plastic deformation was carried
out using a split-channel die plane compression test
(SCDPCT) at room temperature (26 °C). The line diagram
consists of die, punch, split specimens (Fig. 1) facilitated to
assess information from same microstructural locations

Fig. 1 Assembly of split-channel
die plane compression test
(SCDPCT) used in this study
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between different measurement techniques (EBSD: for mis-
orientation, potentiostat workstation using conventional three-
electrode cell: for anodic polarization curve and FTIR-imag-
ing: for Cr,O3 peak). The combination of SCDPCT and
EBSD was used in this work for direct observation of de-
formed microstructures.

Indents were marked in the split specimens (Fig. 1) using
the Vickers microhardness tester to facilitate for easy identifi-
cation and location of the same microstructural regions.
Details about the experimental methodology and procedure
is found in this reference [30-32]. Further, this deformed spec-
imen was given the heat treatment of 700 °C for 30 min, it was
kept inside the furnace and the furnace was kept off and till it
reaches the room temperature the complete duration and
allowed to cool inside the furnace. The specimen prepared in
this way hereinafter called heat-treated (HT) throughout this
manuscript. Two different deaerated test solutions were used
for recording anodic potentiodynamic polarization behavior.
These were 0.5 M H,SO,4 and 3 M HCI. The conventional
three-electrode cells were used to record anodic potentiody-
namic polarization behavior. The complete details including
methodology, technical aspects of the anodic potentiodynam-
ic polarization experiment, EBSD measurements and FTIR-
imaging were provided in this reference [14, 33, 34]. The
Bruker™ 300-Hyperion experimental setup was used to ex-
tract Cr,O; peak at a wavenumber of 660 cm ' approximately.
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Further, area under Cr,O5 peak was estimated using the post-
processing FTIR-imaging OPUS 6.5™ software.

Results and Discussion

The plane strain compression (PSC) test using channel die
split set up (Fig. 1) was enabled to observe the same micro-
structural regions. The stainless steel specimens were subject-
ed to the true strain of 0.58 using SCDPCT technique. The
typical anodic potentiodynamic polarization curve consists of
three regions (active, passive and transpassive) for materials
that exhibit passive materials (Fig. 2(a)). The anodic potenti-
odynamic polarization parameters (Ecyi, icrits ip,) derived from
its curve (Fig. 2(a)) are detailed in this reference [33]. The
relevance and definition of E, i, and i, are also detailed
in this reference [33]. For instance, increase in icyj and i,
indicated that difficulties in achieving passivity. The
condition/state of surface finish, phases and microstructural
features affect the anodic polarization parameters. The initia-
tion of pit event is generally identified by spikes (potential vs
current density plot) [35]. Hence, the ideal polarization curves
of passivable metals and alloys exhibit such an absence of
current spikes (Fig. 2(a)), when the test solution consists of
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Fig. 2 (a) Schematic of anodic potentiodynamic polarization curve. (b)
potentiodynamic anodic polarization curves of as-received, deformed and
heat-treated specimens of Sanicro 28™ tested in deaerated solution (3 M
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chlorides such current spikes are visible (Fig. 2(b)). Further,
the absence of current spikes indicates the ease of passivity in
the test solution of H,SO, (Fig. 2(c)). According to Saadi et al.
(2016), from the anodic potentiodyamic polarization curve, it
is possible to differentiate clearly the events of pit initiation
and formation of metastable pits [36]. In the deacarated test
solution of 3 M HCI (very aggressive), achievement of the
passivity was difficult for as received and deformed specimen
(Fig. 2(c)), relatively better passivity was obtained after HT
(Fig. 2(b)). Further, in the deaerated test solution of 0.5 H,SO4
better passivity was obtained in all specimens. The HT in-
creases the corrosion resistance than the deformed specimens
(true strain of 0.58) as clearly established through overall an-
odic polarization curve (Fig. 2(b)). The average grain sizes are
determined for as-received state of Sanicro 28™, AISI316L,
and AISI304L. These are 180 pm for Sanicro 28™, 15 um for
AISI316L and AISI304L respectively. The concept of grains
in EBSD is slightly different. Based on the user-defined set
grain tolerance angle (GTA), algorithm considers and assigns
to the same grain. The imposed deformation reduced the grain
size for all deformed specimens. The heat treatment of 700 °C
30 min slightly altered the grain size (Table 2). This is seen in
all grades of austenitic stainless steel (Table 2). In general, the
plastic deformation of austenitic stainless steels produces a
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HCI) and (c) specimens of three grades tested in deaerated solution of
0.5 M H,SO, . This anodic potentiodynamic polarization test was obtain-
ed using the potentiostat three-electrode setup
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Table 2  Parameters as estimated from EBSD system

Materials Sanicro 28™ AISI316L AISI304L

Conditions e=0 €=0.58  0.58+HT ¢=0 €=0.58  0.58+HT e=0 €=0.58  0.58+HT

Parameters ~ Grain size(um)  162+20 85+15  40+15 15+5 10+£3 1143 15£5 1243 943
GAM (°) 0.30 0.81 0.4 0.34 1.27 0.55 0.24 0.82 0.66
KAM (°) 0.29 0.81 0.5 0.34 1.28 0.54 0.28 0.85 0.59
GOS (9 0.32 0.84 045 0.39 1.31 0.50 0.23 0.81 0.67

change in microstructural aspects. These range from change in
grain aspect size to development of complex dislocation sub-
structures and formation of new phases. It has been reported
that influence of these microstructural changes affect the cor-
rosion resistance of austenitic stainless steel. For instance,
large body of published literature suggested that formation
of new phases (strain-induced martensite) reduced the corro-
sion resistance in general [37] and further it has been argued
that corrosion resistance depends on substrate microstructure
(location dependent). The one of the present author has ex-
plored the significance of strain-induced martensite (SIM) in
retaining stability of passive film [33]. Some disagreements/
arguments exists about the role of SIM. These are extensively
discussed in the references [15, 37-44]. The EBSD-IQ map
revealed that (Fig. 3) signatures of plastic deformation. These
are development of strain localization, lattice curvature, and
slip lines/bands. The structural changes in metallic materials
are related to properties. The EBSD is a powerful tool to
visualize the crystal orientation, development of misorienta-
tion. The EBSD parameters describing misorientation param-
eters. In another study, it has been reported that the image
quality (IQ) map has been used to assess the degree of sensi-
tization (DOS) [45]. For instance, KAM has been used to
understand the extreme local lattice distortions [46], and to
characterize the stored energy, as this is driving force for re-
crystallization [47]. In another work, the value of grain orien-
tation spread (GOS) was used to relate initiation of pitting in
stainless steel [48—50]. It has been reported that the plastic
strain is an influencing parameter that degrades the materials.
Further the initiation of cracks and stress corrosion cracking
(SCC) is accelerated by the presence of plastic strain. The 2-
dimensional EBSD misorientation parameters such as grain

average misorientation (GAM), kernel average misorientation
(KAM), grain orientation spread (GOS), image quality (IQ)
maps [51] have been used to correlate with the degree of
deformation and properties of the materials. This has become
now standard practice of characterizing the deformed metallic
materials. As IQ maps are directly related to lattice imperfec-
tion [52], many studied were reported to use as effective pa-
rameters. There exists a linear relationship between KAM and
plastic strain is also observed in this study. This is in line with
the literature [53]. The pattern region of interest analysis sys-
tem (PRIAS™), is an emerging technology that is attached to
an EBSD system, for capturing the microstructural features
and distribution. In this study, the PRIAS™ techniques were
used, to capture the pits morphology (Fig. 4). It is concluded
that formation of pits was extremely random and stochastic in
nature in aggressive test solution (3 M HCI). This behavior is
observed in all grades of as-received specimens. Hence it was
decided to make an attempt to identify the exact microstruc-
tural locations, were initiations of nucleation of pits. This re-
mains challenging and unanswered due to multiple mecha-
nism at play. The efforts have been made for finding
models/mechanism addressed but however, it is extremely
system specific. Further, it has been clearly established that
the properties of the passive film depend on chemical compo-
sition, in turn depend on location of the microstructural
defects.

The damage (destruction of passive film) arises from either
chemical, mechanical or electrical. When this happens (break-
down of passive film), it leads to localized corrosion (pitting
corrosion, crevice corrosion, stress corrosion cracking). In ad-
dition, alloy chemistry also plays a major role in retaining
passivity. Various research reports have indicated that the

Table 3 Cr,0; peak area as

obtained from FTIR-imaging of Materials Sanicro 28™ AISI316L AISI304L
all specimens
Condition of  e=0 e=0.58 0.58+HT =0 e=0.58 0.58+HT =0 e=0.58  0.58+HT
specimens
0.341  0.023 0.071 0.081  0.012 0.065 0.041  0.005 0.032
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Fig. 3 1Q maps from EBSD of as-received and deformed specimen (e
=0.58) of (a) AISI 304 L, (b) AISI 316 L and (c) Sanicro 28™

manganese sulfide in stainless steels initiates for passivity
breakdown. It is known that, homogeneous (uniform, defect

Fig. 4 PRIAS ™ imaging from
EBSD system for (a) as-received
state of before and (b) after anodic
polarization test of Sanicro 28™

free) system of passive film is not deteriorated. In another
work, breakdown of passivity model has been proposed with
grain boundaries taken into account [54]. Then, the experi-
ment was designed to link the microstructural information
with passivation by combination of EBSD +FTIR-imaging.
Both techniques serve to complement each other. To imple-
ment this, the same area of microstructure was selected to
examine by EBSD +FTIR-imaging techniques in this manu-
script. In general, passivity breakdown refers to damage of
passive film.

The perfect passive film without any defects, generealy
do not breakdown. Unfortunately such a system is of ideal
in nature. The commercially available metals and alloys
contain grain, grain boundaries, chemical element inho-
mogeneity. Further, the pores and micro-cracks also
showed to affect the passive film and its stability. These
acts as a potential site for passive film breakdown. In the
past, large body of literature covering the aspects of
pitting corrosion events such as nucleation, initiation,
propagation, and metastable pits. These are detailed in
this reference. The FTIR-imaging setup was used to re-
cord Cr,0O5 peak approximately 650660 cm ' at the sur-
face of the specimens. For passivable metals and alloys,
the formation and stability of passive film is a key, and
this is influenced by structural heterogeneities. U.R.
Evans [55], he was the one who discussed pitting corro-
sion of metals, particularly iron. Challenges and disagree-
ments do exist in this area of passivation, as complete
understanding is still lagging, even with the advancement
of science and technology. Transmission electron micros-
copy (TEM), and energy-dispersive X-ray spectroscopy
(EDX) techniques have been used for direct evidence of
passive film and nanoneedles were observed [56]. Step-
like unevenness in passive film has also been observed at
the grain boundary of duplex steels using aberration
corrected TEM [18]. Time of flight secondary ion mass
spectroscopy (ToF-SIMS), x-ray photoelectron spectros-
copy (XPS) and scanning tunneling microscopy (STM)
has been used to reveal the atomic structure of the passive
film. These studies have confirmed that Cr content and
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polarization conditions have played a role in passivity.
Further, the role of Mo on passivation has been detailed
in terms of composition and morphology [57]. Others ad-
dressed the effect of local misorientations and pitting cor-
rosion of pearlite steel. They have estimated that the
EBSD parameters such as grain tolerance angle (GTA)
and GOS and related to local passivation [49]. The re-
gions that exhibited higher grain stored energy attacked
earlier for Al alloys [58] and further that have reported
that no relationship with grain misorientation and corro-
sion attack. Further, effect of GOS on pitting corrosion
was investigated for duplex [48] and martensitic stainless

Fig. 5 The combined
examination of EBSD+FTIR-
imaging of (a-b) Sanicro 28 ™,
(c-d) AISI 316 L, and (e-f) AISI
304 L materials

steels [50]. In another work, in situ measurements were
performed using scanning tunneling microscopy (STM)
and IR spectroscopy. Here, detailed microscopic and
spectroscopic information was obtained for Cu specimens
tested in HCI [59]. Thus, the possibilities of combined
techniques such as advanced microscopic and spectro-
scopic techniques have yielded new-insights about the
passive film. Hence, in this work, the experiment was
designed to extract the information of passive film at dif-
ferent microstructural locations using EBSD and FTIR-
imaging technique (Fig. 5). The average area of Cr,O;
extracted in this way was consolidated and presented
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Fig.6 The evolution of Cr,05 peaks of as-received, deformed (true strain
0f 0.58) and HT specimens after potentiodynamic polarization test. The
average value is reported from 100 such measurement

(Fig. 6), suggested that the as-received of Sanicro 28™
specimens (0.341) exhibited high compared to all other
specimens. This is due to higher wt (%) of chromium
present in this grade. The average value of all specimens
as extracted from FTIR-imaging were presented in
Table 3. The deformed specimens (true strain of 0.58)
were exhibited lesser than as-received state. The slight
improvement in average value after HT was noticed, how-
ever this improvement was equal to as-received speci-
mens. At this juncture, it is important to correlate the
relevant previous studies have carried out by one of pres-
ent authors, [14, 33] have reported that strong presence of
FTIR signal has indicated the possible role of SIMF as
confirmed by EBSD measurements. In addition, the role
of SIMF particles on defomed specimens, particularly on
class of stainless steels has been explored widely and
often results were contradictory [15, 37, 38]. In an recent
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study, carefully isolated individual phase specific experi-
ments were carriedout and corrosion behavior was ob-
served in super duplex stainless steel [60]

Conclusions

Three grades of stainless steel specimens were plastically de-
formed and imposed a true strain of 0.58 and these steels were
given heat treatment of 700 °C for 30 min. Further, the anodic
potentiodynamic polarization experiment was carried out for
all specimens. It was noted that from the anodic potentiody-
namic polarization curve that passivity was clearly established
in specimens of as-received and 0.58+HT in deaerated 0.5 M
H,SO, test solution. The two anodic peaks and metastable
current spikes were observed in the as-received and deformed
(true strain of 0.58) specimens in deaerated 3 M HCI test
solution. The formation and morphology of pits as captured
by PRIAS™ revealed that independent of microstructural fea-
tures and random. Further, when deformed specimens were
given heat treatment of 700 °C for 30 min, such second anodic
peaks and metastable current spikes were not observed. The
FTIR-imaging was used to capture the Cr,O3 peaks and its
average area was quantified. In the un-deformed state, the
specimens of the average area were estimated as 0.34, 0.081
and 0.041 for Sanicro 28™, AISI 316 L, and AISI 304 L
respectively. Further, deformed specimens to the tune-up to
0.58 true stain, the decrease was gradual as expected, and
average arca was lower than undeformed state. These were
0.023, 0.012 and 0.005 for Sanicro 28™, AISI 316 L, and
AISI 304 L respectively. However, when these specimens
were heat-treated, the slight improvement in average area
was higher than the deformed. The combined multi-physics
and multi-scale (atomic/nano) approaches are needed to un-
ravel the exact cause of local (atomic/nano) corrosion mecha-
nism. In essence, the simultaneous correlation of microstruc-
tural features with localized corrosion development in the way
of well-thought and carefully designed experiment is needed.
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