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This study investigates the influence of isothermal ageing (550-850 °C) and time (30, 60, 180, 360, 720, and
1440 minutes) on microstructure and corrosion behavior of nickel and molybdenum-free high nitrogen
austenitic stainless-steel (HNASS). In solution-annealed conditions, the HNASS has a single-phase austenite
structure with annealed twins at the grain boundaries. HNASS treated to the aging range at lower tem-
peratures and shorter duration resulted in various fine, discrete, and globular chromium-nitride (Cr,N)
precipitation at grain boundaries. Whereas increased aging temperature and prolonged exposure duration
led to the lamellar Cr2N pearlite-like microstructure formed within the austenite grain when treated at
650 °C, 750 °C, and 850 °C after 360 min, 180 min, and 60 min, respectively. The data obtained in
potentiodynamic polarization (PDP) and double loop electrochemical potentiokinetic reactivation (DL-
EPR) studies show a higher susceptibility to pitting and intergranular corrosion (IGC) with increased aging
temperature and exposure duration. However, resistance to IGC and pitting corrosion of HNASS is cor-
related with the shape and size of Cr,N precipitation formed at the grain boundaries and extended into the
matrix. The U-bend stress corrosion cracking (SCC) studies showed that the HNASS specimen aged at
750 °C for 1 hour showed no visible cracks. However, some random pit initiation and growth were observed

over a period of time when exposed for 150 hours to boiling MgCl, solution.
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1. Introduction

Stainless steel with nitrogen (N) content of more than 0.4%
(mass per cent) in an austenitic matrix is referred to as high-
nitrogen austenitic stainless steel (HNASS). These categories of
stainless steel are considered strategic materials for various
industries, including defence, chemical, petrochemical, thermal
power, nuclear, oil, and refineries, owing to their exceptional
fabrication, mechanical, and corrosion characteristics in highly
aggressive environments (Ref 1-4]. Nitrogen and manganese
replace more expensive nickel as austenite-stabilizing alloying
elements in austenitic stainless steel (ASS), significantly
reducing the material cost (Ref 5-7]. HNASS is superior to
most conventional ASS due to the addition of nitrogen, which
enhances grain refinement, improved strength, and solid
solution strengthening without compromising toughness. The
tensile and yield strengths of HNASS can surpass 200-350% of
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conventional AISI300 and AISI200 stainless steels (Ref 8-11]
and improve resistance to localized corrosion of ASS in
annealed conditions (Ref 12-18].

Prolonged exposure to these steels at temperatures between
400 °C and 900 °C may induce chromium-rich carbides or
nitrides (M,3C¢/M,N) along the grain boundaries, substantially
affecting strength and corrosion characteristics (Ref 19-22].
The formation of M,N precipitate is influenced by differences
in composition and temperature, resulting in various morpholo-
gies. Previous studies reported that the formation of M,N
precipitates primarily occurs along the grain boundaries,
subsequently expanding into the interior of the grains. Various
chemical compositions in the alloy at different temperatures
and time durations exhibit the presence of granular, rod-like,
cellular, and lamellar-type M,N precipitates (Ref 23-27].
Krishna Kumar K et al. found that various types of nitride
precipitates, such as discrete disk-shaped nitrides, lenticular,
and distinct needle-shaped nitrides at ageing temperatures of
900, 800, and 700 °C respectively, for a duration of 14 h in Fe-
22Mn-17Cr-0.56 N steel. It was also observed that higher
pitting resistance at ageing temperatures of 800 and 900 °C
could be owing to disc-shaped nitrides (Ref 28]. Shi et al. (Ref
29] studied the behavior of precipitation characteristics of the
Fe-18Mn-18Cr-0.63N steel and found that Cr,N was the
primary precipitate. Yanxin Qiao et al. investigated that ageing
leads to the Cr2N precipitation along the grain boundaries in
Fe-15Mn-18Cr-0.66N stainless steel. The morphology of the
nitride precipitation transformed from dispersive particles to a
continuous network at an ageing temperature of 900 °C for a
60-minute duration. It was also observed that ageing treatment
significantly reduced pitting potential and shrinkage in the
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passive region in a 3.5 wt.% chloride environment (Ref 30]. Li
et al. (Ref 31] found cellular Cr,N precipitates in the Fe-16Mn-
18Cr-2Mo-1.1N steel when isothermal ageing at 850 °C for
30 sec, and the fraction of these precipitates increased gradu-
ally with ageing duration. Hu et al. (Ref 32] discovered that the
morphology, distribution, content, and size of Cr,N precipitates
closely correlated with the percentage of N in the HNASS. Li
et al. (Ref 33] investigated the intergranular corrosion (IGC)
behavior of high nitrogen austenitic stainless steel Fe-20Cr-
19Mn-2Mo-0.8N (HNSS) under different sensitizing tempera-
tures 650-950 °C for 2 h. At higher sensitizing temperatures
(900 and 950 °C), the precipitation of Cr,N along grain
boundaries gradually decreases. At these higher temperatures, a
reduction in the extent of intergranular Cr,N precipitation is
observed compared to lower temperatures. Lee (Ref 34] studied
the morphological changes of the Fe-21Ni-22Cr-6Mo-(N) steel
when isothermally aged at 900 °C and discovered that the
secondary precipitates were M,3Cq / MC carbide-type precip-
itates, whereas a low fraction of Cr,N precipitates were found
in the Fe-21Ni-22Cr-6Mo-0.3N steel after 24 hours of ageing.
In contrast, Cr,N phases typically precipitated in austenitic Fe-
Cr-Mn-N stainless steel during ageing from 700 to 1000 °C
(Ref 35]. These stainless steels have been shown to provide
good stress corrosion cracking (SCC) resistance in various
aggressive environments compared to conventional austenitic
stainless steel (Ref 36, 37]. Raffi Mohammed et al. (Ref 38]
studied the SCC behavior of gas tungsten arc (GTA) welded
HNASS with different filler materials and found that welded
with PH 13-8 Mo filler resulted in a better combination of
mechanical properties and corrosion resistance when compared
to GTA welds made with 11-10 PH and MDN 250 fillers. Yoon
et al. (Ref 39] investigated the effect of N and C on the SCC
susceptibility of Fe-18Cr-10Mn alloy and observed that the

resistance to pitting corrosion initiation and the passivation
kinetics due to the beneficial alloying elements of N and C.
The literature shows that several alloy compositions were
developed as ‘high nitrogen steels’, and similar studies have
been reported. However, the majority of them are Mo-bearing
HNASS (Ref 40-42], but the research literature on Ni and Mo-
free HNASS is very scarce (Ref 29, 30]. Since these alloys are
an important class of materials for structural applications at
higher temperatures, it is essential to understand the influence
of the elevated temperatures for more prolonged exposure on
the microstructure and corrosion behavior. Hence, an attempt is
made to study the effect of isothermal ageing at the sensitiza-
tion range (550-850 °C) for an exposure duration of (30-
1440 min) of Fe—18Cr-20Mn-0.5N austenitic stainless steel.

2. Materials and Methods

The high nitrogen austenitic stainless steel (HNASS) of
5 mm thickness was used in the present study, and the
elemental composition of HNASS is given in Table 1. Initially,
the HNASS in as-received condition was solutionized at
1100 °C for 2 hours, followed by a water quench. The
solutionized specimens were subjected to isothermal ageing in
the sensitization temperature range i.e., 550 °C, 650 °C,
750 °C, and 850 °C for 30 min, 60 min, 180 min, 360 min,
720 min, and 1440 min. The above ageing treatments were
done to study and determine the effect of isothermal aging on
microstructural morphology, pitting corrosion, and intergranu-
lar and stress corrosion cracking resistance. A wire-electrical
discharge machine (W-EDM) is used to cut the specimens of
the required dimensions, i.e., 10x10x5 mm?>. The sectioned
specimens were polished using a series of emery papers and

Table 1 Elemental composition of nickel and molybdenum-free high nitrogen austenitic stainless-steel (HNASS)

Element wt%

Material Cr Mn C N P

S Mo Ni Si Fe(balance) Ccref

HNASS 17.96 19.78 0.076 0.543 0.051

0.007 - - 0.34 61.243 17.8522

Fig. 1 Solutionized microstructure of HNASS at 1100 °C for 2 hours (a) optical micrograph (b) SEM micrograph
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Fig. 2 Optical microstructures (200x magnification) of HNASS specimens aged for 30 minutes at different temperatures (a) 550 °C (b) 650 °C

(¢) 750 °C and (d) 850 °C

disc polish using 0.75u alumina powder for morphological and
electrochemical studies. The qualitative analysis of the solu-
tionized and aged HNASS specimens was evaluated following
the ASTM A262 standard Practice A. Using an electrolytic cell,
all the specimens are electrochemically etched for 90 seconds in
a solution of 10% oxalic acid with a 1 A/ecm? current density.
The microstructural examinations of the specimens were
recorded using a LEICA high-resolution optical microscope
with image analysis software. Energy dispersive spectroscopy,
coupled with the Scanning Electron Microscope (ZEISS EVO
Series Model EVO 18) and Oxford- Energy Dispersive X-ray
system (INCA 250 EDS with X-MAX 20 mm Detector), was
used to scan the elemental composition of the precipitates
across the grain boundaries. The phases of HNASS are
identified using the X-ray diffractometer (Ultima IV, Rigaku,
Japan) with a Cu Ko X-ray source (k = 1.5405 A), operating at
40 kV and 30 mA.

For corrosion studies, a basic 3-electrode electrochemical
system (GillAC serial No-1937 sequencer) was used with the
working electrode as the treated specimen, the reference
electrode as the saturated calomel electrode, and the auxiliary
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electrode as the platinum. The specimen (working electrode)
was kept in the same solution for 30 min till the rest potential
was attained. Then, it was anodically polarized in forward and
reverse scan with a scan rate of 100 mV/min from rest potential
to 300 mV (vs. Ref) and vice versa. Double loop electrochem-
ical potentiokinetic reactivation (DL-EPR) tests are conducted
in an electrolytic solution containing 0.5 M sulphuric acid
(H,SO4) + 0.01 M potassium thiocyanate (KSCN) as per
ASTM G 108 standard (Ref 43]. The degree of sensitization
(%DOS) is calculated by the ratio of reactivation current
density (I;) to the activation current density (I,) (Ref 44].
Potentiodynamic polarization (PDP) tests are performed in an
aerated 3.5% NaCl solution to understand the pitting corrosion
properties of HNASS at various conditions. The stress corro-
sion cracking (SCC) test was carried out in a boiling 45%
magnesium chloride (MgCl,) solution boiling at 155 °C as per
ASTM G36 (Ref 45] on the U-bend specimen prepared
according to ASTM G 30-94 and treated at 750 °C for 1 hour
(Ref 46].



3. Results and Discussion

3.1 Microstructural Observation

Figure 1 depicts the optical and scanning electron micro-
graphs of high nitrogen austenitic stainless-steel (HNASS)
solutionized at 1100 °C for 2 hours after etching as per the
ASTM A262 Practice A standard. It was found that HNASS
has a fully austenitic (y) phase with annealed twins near the
grain boundaries (Ref 47], and no traces of carbides or nitrides
are found along the grain boundaries. As depicted in Fig. 12,
the X-ray diffraction pattern of the HNASS also found that it
has only a single austenitic phase in solutionized condition.

3.2 Effect of Isothermal Aging on Cr.N Precipitation

3.2.1 Oxalic Acid Etch Test Results. The sensitization
tendencies of austenitic stainless steels are mainly influenced by
the alloy composition. Chromium and carbon are the primary
alloying elements that impact carbide precipitation at the grain
boundaries. The alloy’s effective chromium concentration
(Creff) was computed using an equation suggested by par-
vathavarthini (Ref 48], which influences the sensitization

behavior during isothermal ageing.

Cr*ff =Cr—100C + 1.45Mo + 0.13Mn + 9.2N
—0.19Ni—0.22Si—020Co—0.51Al
+0.01Cu+ 0.34V + 0.61Ti—0.22W

To analyse qualitatively, ASTM A262 Practice A standard
was used to understand the sensitization behavior of HNASS
during isothermal ageing. The microstructural morphology of
aged HNASS was categorized as follows after conducting an
etch test as per standard:

1) The step structure only includes steps among the grains,
with no ditches present at the grain boundaries.

2) Dual structure, with some ditches and steps present at the
grain’s boundaries, but no grain is enclosed by ditches in any
direction.

3) The ditch structure consists of at least one grain
surrounded by ditches.

Figures 2, 3, 4, 5, 6, 7 illustrates the HNASS morphological
changes, such as the formation of Cr,N precipitation and its
growth during isothermal aging at 550 °C to 850 °C for 30, 60,
180, 360, 720 and 1440 minutes exposure durations. The
austenitic (y) phase was the prevailing phase observed in the
HNASS at solutionized conditions, along with the presence of

Fig. 3 Optical microstructures (200x magnification) of HNASS specimens aged for 60 minutes at different temperatures (a) 550 °C (b) 650 °C

(¢) 750 °C and (d) 850 °C
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Fig. 4 Optical microstructures (200x magnification) of HNASS specimens aged for 180 minutes at different temperatures (a) 550 °C (b)

650 °C (c) 750 °C and (d) 850 °C

annealing twins within the y grains. The microstructure varies
as the solutionized specimen is treated to isothermal aging
conditions. The secondary phase volume spreads from grain
boundaries into grain interiors, forming a lamellar pearlite
nature of precipitation as the exposure duration increases. The
step-like structure was observed at lower sensitization ranges,
i.e.,, 550 °C and 650 °C, as shown in Figs. 2a, b, 3a and 4a,
which shows the initiation of nitrides precipitation at the grain
boundaries and leads to step structure. It is observed that
HNASS during the exposure duration of 30 min, 60 min, and
180 min at 550 °C and 30 min at 650 °C have resulted in the
initial stage of precipitation and random distribution of Cr,N
precipitation at grain boundaries. Where the “dual- structure”
was observed for 60 min at 650 °C and 30 min at 750 °C and
850 °C, precipitation of nitrides was initiated at the grain
boundaries and as shown in Figs. 2c, d, 3b and 5a. As exposure
duration at higher sensitization temperatures increases, more
severe nitride precipitation and thickening of grain boundaries
are observed. The shorter exposure at a lower sensitization
range, i.e., 60 minutes at 550 °C and 650 °C, is inadequate for
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HNASS to have susceptibility to intergranular corrosion.
However, precipitation is more aggressive at shorter exposure
at higher sensitization range, i.e., 60 min at 750 °C and 850 °C,
unlike their lower sensitization range. This could be attributed
to the increased driving force for higher nucleation rates, which
leads to higher precipitation tendencies during the initial
exposure durations at higher temperatures. Whereas shown in
Figs. 4d, 5c, d, 6b,c,d and 7b, ¢, d that the chromium nitrides
are precipitated near all the grain boundaries and lead to a
“ditch” structure.

The mechanism of precipitate transformation during isother-
mal ageing is relatively complex. The precipitation occurs not
only at the grain boundary but also at the interior of the grains.
At isothermal range temperatures for lower exposure duration
has led to the development of fine, discrete, and globular Cr,N
precipitation at grain boundaries, as shown in Figures 2, 3, 4, 5,
6, 7. Further rise in ageing temperature and exposure duration
(i.e., 360 min at 650 °C, 180 min at 750 °C and 60 min at
850 °C) leads to the increase in the fraction of extended
globular precipitates and initiates the lamellar Cr,N pearlite-
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Fig. 5 Optical microstructures (200x magnification) of HNASS specimens aged for 360 minutes at different temperatures (a) 550 °C (b)

650 °C (c) 750 °C and (d) 850 °C

like morphology in the austenite crystal. As shown in Figs. 3d,
4c¢ and 5b at 850 °C after 60 min, at 750 °C after 180 min, and
at 650 °C after 360 min of ageing, the dispersed particles
observed in the microstructure of the cellular precipitate
transform to lamellae Cr,N pearlite-like microstructure.

Figure 8 depicts the experimentally obtained temperature-
time-sensitization curve, which summarizes the effect of the
isothermal ageing temperature range on the microstructural
features of HNASS. The microstructural features during various
ageing treatments are separated into three groups illustrated by
the scanning electron microscopy (SEM) in Fig. 8. The black
coloured curve divides the sensitization-free area from the
temperature-time region containing visible precipitates of Cr-
rich nitrides within the micrographs. The initial precipitates
were identified at the grain boundaries at various aging
temperatures and durations, such as at 550 °C after 180 min,
650 °C after 60 min, and 750 °C and 850 °C after 30 min.
These precipitates in the austenite solid solution originated
from the supersaturation of carbon (0.07 wt %) and nitrogen
(0.54 %). However, Cr-rich nitrides of the M,N type were the
dominating secondary phase in the microstructure at aging
temperatures.

The specimens subjected to ageing at temperatures of
550 °C, 650 °C, 750 °C and 850 °C for a different time
duration dominantly detected secondary phase in the
microstructure was Cr-rich nitrides of the M,N type at the
grain boundaries. At elevated ageing temperatures, many

nitrides occupy the grain boundaries. Further, starting from
650 °C for 720 min, Cr,N precipitation occurs in the interior of
the grain. At 750 °C, this takes place after 180 min, but at
850 °C, it starts after 60 min. Figure 9 shows the SEM
micrograph of the HNASS aged at 850 °C for 1440 min of
duration. As the exposure duration increases, the precipitates
form in cellular morphology, preliminary from the grain
boundaries into the interior of the austenite grain, which can
be seen in the SEM micrograph. Some researchers observed
distinct disk-shaped nitrides, lenticular, and needle-shaped
nitrides at ageing temperatures of 900, 800, and 700 °C for
14 hours at the grain boundaries (Ref 28]. Fine, globular, and
plate-like precipitates were found for a longer ageing duration
of 200 h at a temperature of 850 °C (Ref 24]. The addition of
molybdenum into HNASS also influences the formation of
different intermetallics such as grain boundary Cr,N, cellular
CN, o -phase, and chi () + M;C; carbide precipitates were
observed at different temperatures and longer aging durations
(Ref 29, 41]. The effect of this cellular morphology of Cr-
nitride precipitation on the localized corrosion characteristics of
the HNASS has been studied at higher temperatures and time
durations.

3.2.2 Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS) Observations. Figures 10
and 11a, b represent the SEM images with line-scan graphs of
the HNASS specimens aged at 550 °C for 60 min and 850 °C

Journal of Materials Engineering and Performance



Fig. 6 Optical microstructures (200x magnification) of HNASS specimens aged for 720 minutes at different temperatures (a) 550 °C (b)

650 °C (c) 750 °C and (d) 850 °C

for 1440 min. The line scan across the grain boundary revealed
the existence of Cr-rich nitrides near the grain boundary. To
further examine the elemental composition of the precipitates
across the grain boundary, EDS investigated the precipitates,
and the findings are shown in Figs. 10c and 11c. EDS results
showed that the precipitates have more Fe, Mn, and Cr,
showing that the precipitates in the ageing treatment of HNASS
are M,N and M,;C¢ type precipitates at the grain boundaries.
The EDS examination of the grain boundary precipitates
(Fig. 10) reveals that they are rich in N and Cr, whereas the
EDS examination of lamellar Cr,N pearlite-like precipitates
(Fig. 11) are rich in Fe, Cr, and Mn.

Initial observations indicate that Cr,N precipitation initiates
at grain boundaries. As the exposure time increases, the
quantity of Cr,N precipitation increases to the point where the
grain boundaries are nearly covered, as depicted in Figures 3, 4,
5,6, 7. At 850 °C for lower ageing durations, the intergranular
precipitation continues to coarsen, and cellular Cr,N lamellae
precipitate initially along the grain boundaries with a tiny
cellular region, as seen in Figs. 2d and 3d. As illustrated in
Fig. 1la & b, the cellular zone widens when the ageing
temperature increases to 850 °C for 1440 minutes duration,
resulting in multiple locations within grains covered with
cellular Cr,N precipitation. Zou Zhangxiong et al. (Ref 49]
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discovered that in specimens aged above 800 °C, the structure
of Cr,N precipitates formed in 0.7N38K ASS represents a
pearlite-like microstructure. It is simple for nitrogen to
agglomerate closer to the grain boundary due to its highly
active nature at the boundary. At the appropriate temperature
for ageing, the nitrogen can readily combine with the chromium
to form Cr,N, which can then precipitate on the grain boundary.
This trend is more significant when the nitrogen level is higher,
and it is much simpler to precipitate nitride in these conditions.

Figure 12 depicts the XRD results of the HNASS in
solutionized condition, isothermally aged at 550 °C for 60 min
and 850 °C for 1440 min. From the results, it is observed that
the HNASS has a single austenitic phase in solutionized
condition. In aged conditions at 550 °C for 60 min and 850 °C
for 1440 min, the precipitates in HNASS steel are the CrpN
phase. The XRD results are coincident with the SEM and EDS
observations. Similar results are broadly consistent with the
previous reports on alloys with comparable properties (Ref 29,
50].

3.3 Effect of Isothermal Ageing on Degree of Sensitization

The DL-EPR curves of HNASS aged at 550 °C to 850 °C
for various exposure durations are depicted in Fig. 13. The
current densities of the activation peak (I,), reactivation peak



Fig. 7 Optical microstructures (200x magnification) of HNASS specimens aged for 1440 minutes at different temperatures (a) 550 °C (b)
650 °C (c) 750 °C and (d) 850 °C

Table 2 Results obtained in ASTM A262 Practice A test and DL-EPR data of HNASS

Obtained results as per ASTM A262 practice I, mA/ I,, mA/ % Degree of sensitization
Isothermal aging condition A cm? cm? DOS)
Solutionized at 1100 °C for Step 0.05 5.39 0.93
2hrs.
Aging at 550 °C-30 min Step 0.29 5.32 5.45
Aging at 550 °C-60 min Step 0.54 4.28 12.62
Aging at 550 °C-180 min Step 0.94 5.22 18.01
Aging at 550 °C- 360 min Dual 1.15 3.90 29.49
Aging at 550 °C-720 min Dual 1.73 5.13 33.72
Aging at 550 °C-1440 min Dual 1.80 4.27 42.15
Aging at 650 °C-30 min Step 0.54 5.89 9.17
Aging at 650 °C- 60 min Step 0.81 4.03 20.10
Aging at 650 °C-180 min Dual 1.46 5.60 26.07
Aging at 650 °C-360 min Dual 1.80 4.98 36.14
Aging at 650 °C-720 min Ditch 2.09 5.01 41.72
Aging at 650 °C- 1440 min Ditch 2.44 5.05 48.32
Aging at 750 °C- 30 min Step 0.64 5.37 11.92
Aging at 750 °C-60 min Dual 0.88 5.20 16.92
Aging at 750 °C-180 min Dual 1.86 6.37 29.20
Aging at 750 °C- 360 min Ditch 1.44 4.08 35.29
Aging at 750 °C-720 min Ditch 2.07 4.17 49.64
Aging at 750 °C-1440 min Ditch 2.01 4.27 47.07
Aging at 850 °C-30 min Step 0.90 5.54 16.25
Aging at 850 °C-60 min Dual 1.20 5.45 22.02
Aging at 850 °C-180 min Ditch 1.74 4.92 35.37
Aging at 850 °C-360 min Ditch 2.08 5.09 40.86
Aging at 850 °C-720 min Ditch 2.58 491 52.55
Aging at 850 °C-1440 min Ditch 1.97 4.51 43.68

Journal of Materials Engineering and Performance
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Fig. 9 SEM micrograph of the intragranular growth of cellular Cr,N pearlite-like precipitates after being aged HNASS at 850 °C for 1440 min

(I,), and the percentage of the degree of sensitization (% DOS)
are tabulated in Table 2. The DL-EPR test found that the I, was
minimal in solutionized condition, indicating that the degree of
sensitization is extremely low. This result from microstructural
morphology observed in solutionized condition where HNASS
has a fully austenitic phase, and no traces of nitrides or carbides
are found along the grain boundaries (Fig. 1). The lack of a
peak reactivation current density (I;) at lower durations
(30 min) of all temperatures suggests that the aged specimens
are immune to intergranular corrosion (IGC). From the DL-
EPR curves and data, it is observed that the activation current
density (I,) remained relatively constant across all time
intervals at all temperatures. However, at 550 and 650 °C for
longer ageing durations, an increase in ageing temperature
resulted in a corresponding rise in reactivation current density.
The I, in the reverse scan could be related to the dissolution of
vulnerable regions in the aged specimen, such as the Cr-

Journal of Materials Engineering and Performance

depleted regions at the grain boundaries (Ref 51, 52]. This
could be due to the chromium-rich nitride precipitation at the
grain boundaries and further growing into the grain with
extended durations at ageing temperatures, which could be
observed in the optical and SEM micrographs.

Figure 15(b) shows the effect of ageing time at different
temperatures on %DOS. At higher temperatures, 750 °C and
850 °C for a smaller ageing duration (30 min) were observed to
have higher % DOS, whereas the same % DOS is experienced
by lower aging temperature at 550 °C for 180 min. However,
the significant grain boundary and cellular precipitation that
occurred at 750 °C and 850 °C after 720 min of ageing
duration had no impact on material ageing due to the chromium
homogenization at the grain boundaries (desensitization). Due
to the insufficient depletion of chromium (Cr) content caused
by nitride precipitation at the abovementioned temperatures.
Consequently, no attack was observed during the testing
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Fig. 10 (a) Scanning electron image, (b) line scan mapping analysis, and (c) EDS results of HNASS aged at 550 °C for 60 min

conducted using DL-EPR. Due to this, the Cr-depletion caused 3.4 Effect of Isothermal Ageing on Pitting Corrosion
by nitride precipitation at 750 °C and 850 °C was insufficient Behavior

to induce an attack. These desensitization effects at higher
isothermal ageing temperatures for longer exposure durations
are consistent with the previous reports (Ref 53-56].

Figure 14 depicts the potentiodynamic polarization (PDP)
curves of the HNASS aged at 550 °C to 850 °C for different
exposure durations. The corrosion potential (Ecorr), passive
current density (Ipass), and pitting potentials (Epit) obtained

Journal of Materials Engineering and Performance
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Fig. 11 (a) Scanning electron image, (b) line scan mapping analysis, and (c) EDS results of HNASS aged at 850 °C for 1440 min

from PDP curves are listed in Table 3. As shown in Fig. 14 it
was observed from PDP plots that various temperatures and
exposure time duration directly impact the corrosion parame-
ters. Fig. 15(a&c) shows the effect of ageing time at different
isothermal ageing temperatures on pitting potentials and
passive current density. At 550 °C, as shown in Fig. 14a, that
the variations in Ecorr (corrosion potential) and Ipass (passive
current density) showed minimal changes across various ageing
durations compared to higher ageing temperatures and dura-
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tions. In contrast, the passive potential regions narrowed, and
pit potentials diminished with increased ageing time as depicted
in Figs. 14 and 15a, c. At this 550 °C temperature, the steel
seemed less prone to sensitization effect, which typically affects
the corrosion resistance of the alloy compared with the higher
ageing temperatures and exposure durations. However, as the
specimen is exposed to higher ageing temperatures, as illus-
trated in Fig. 14b, c, d, the PDP plot shifts downward and to the
right, indicating that the specimens exposed to higher temper-
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atures have a higher corrosion rate. A sharp increase in Ipass
can be noticed at higher aged temperatures due to the presence
of a high fraction of Cr,N precipitates near the grain boundary.
As exposure time increased at 650 °C, the Epit shifted to more
negative potentials, indicating that exposure duration influ-
enced the pitting corrosion of HNASS. Yanxin Qiao et al. (Ref
30] found similar results for ageing-treated Mo-free high
nitrogen stainless-steel in 3.5 wt% chloride solution. The fall in
Epit and the reduction in the potential passive range which was
attributable to a rise in the amount of precipitate inside and
along the grain boundaries. However, once Cr,N began to
precipitate in the form of lamellar structure inside the crystals
(aged for 720 min or longer at 650 °C), Epit changes to more
negative potentials and leads to lower pitting corrosion
resistance at higher ageing temperatures. The increased pitting
potentials were observed at 750 and 850 °C for 1440 min
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Fig. 13 DL-EPR curves of HNASS specimens aged at (a) 550 °C (b) 650 °C (c) 750 °C and (d) 850 °C for different exposure time durations
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Fig. 14 PDP curves of HNASS specimens aged at (a) 550 °C (b) 650 °C (c) 750 °C and (d) 850 °C for different exposure time durations

compared to 720 min due to the chromium homogenization at
the grain boundaries, which affects the corrosion behavior of
the HNASS.

The alloy subjected to isothermal ageing at a temperature of
750 °C and 850 °C for a longer duration of 1440 min exhibited
a significant amount of grain boundary (GB) and cellular Cr,N
precipitates compared to lower exposure durations. However,
the alloy experiences a low pitting and IGC susceptibility due
to insufficient chromium (Cr) content depletion caused by
nitride precipitation at the abovementioned temperatures and
exposure to longer durations. Hence, a significant decrease in
reactivation corrosion current was observed during the DL-EPR
test. According to a study by bruemmer and colleagues, the
EPR test targeted chromium-depleted areas in austenitic
stainless-steel with chromium concentrations ranging from
approximately 12.5 wt% to 13.5 wt% (Ref 57]. Hence, the alloy
exhibited lower % DOS and higher pitting potential in DL-EPR
and PDP studies owing to the insufficient depletion of Cr
content caused by nitride precipitation at the exposure after
720 min at 750 °C and 850 °C.
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3.5 Effect of Aging Treatment at 750 °G for 1 Hour on Stress
Corrosion Cracking (SGG) Behavior

The stress corrosion cracking (SCC) test was carried out on
in a boiling 45% magnesium chloride (MgCl,) solution boiling
at 155 °C as per ASTM G36 (Ref 45]. The U-bend specimen
was prepared according to ASTM G 30-94 and treated at
750 °C for 1 hour (Ref 46]. The schematic diagram and actual
U bend specimen of HNASS are shown in Fig. 16.

The stress corrosion cracking (SCC) tendency of HNASS
alloy was investigated in aged condition at 750 °C for 1 hour
on a U bend specimen for 150 hours duration. Mn-Austenite
alloy containing nitrogen around 0.5% of the initiation of
precipitate formation is found above 700 °C and nearly 1 hour
in duration (Ref 35]. From the microstructural observations, as
shown in Figs. 3(c) & 17, it is observed that the Cr,N
precipitates began to precipitate at the grain boundaries during
early stages at 750 °C for 1-hour exposure. Hence the SCC
behavior of HNASS was studied at this aging temperature and
exposure duration.

The surface and cross-sectional macrographs of the U bend
testing specimens of HNASS aged at 750 °C for 1 hour
exposed to a boiling 45% MgCl, solution for 150 hours are
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Fig. 15 Effect of exposure time at different aging temperatures on (a) pitting potentials (b) degree of sensitization (%DOS) and (c) passive

current density of HNASS

Table 3 Data obtained from potentiodynamic polarization studies of HNASS

Temperature, °C Time, min Ecory mV vs. SCE y A mA/cm? Ei, mV vs. SCE
550 30 — 567 0.00203 164
60 — 514 0.00212 136
180 — 513 0.00189 74
360 — 623 0.00241 45
720 — 608 0.00418 — 10
1440 — 549 0.00355 -39
650 30 — 510 0.00235 109
60 — 567 0.00197 47
180 — 601 0.00319 4
360 — 697 0.00625 - 59
720 — 1023 0.00947 — 104
1440 — 970 0.00899 — 163
750 30 — 589 0.00415 - 35
60 — 594 0.00332 — 11
180 — 673 0.0043 — 96
360 — 722 0.00701 — 114
720 — 1090 0.02702 — 224
1440 — 1029 0.00966 — 157
850 30 — 517 0.00444 — 45
60 — 509 0.00235 - 27
180 — 531 0.00254 — 128
360 — 591 0.00701 — 146
720 — 1101 0.01994 — 252
1440 — 742 0.00913 — 153
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a Investigated area

18 mm

35 mm

Fig.17 (a) Optical and (b) SEM micrographs of HNASS aged at 750 °C for 1 hour

shown in Fig. 18. During the entire test, no visible cracks were
identified on the bent surface. The experimental results revealed
that the specimen surface was not much affected after being
exposed to the MgCl, solution for 2 hours. As depicted in
Fig.18c, with the increase of exposure time of 5 hours in the
solution, the pits were initiated randomly on the bent surface. It
could be due to chromium-rich nitride precipitation (Fig.17) at
the grain boundaries. The active galvanic sites for pit initiation
are at the interface of the austenite matrix and Cr,N precip-
itates. Further increased exposure time in the solution leads to
the formation of more corrosion pits by anodic dissolution, as
shown in Fig.18 (d-g). The SCC mechanism was initiated by
the anodic dissolution between the anodic sites (chromium-
depleted regions) and cathodic sites (austenite matrix), which
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are the source of the initiation of corrosion pits. Figure 19
shows the surface morphologies on the U bend specimen
exposed for 150 hrs in 45% MgCl, solution and clearly shows
evidence of localized intergranular attack at the pitting sites.
The localized attack may lead to IGSCC failure due to the
synergistic action of susceptible microstructure, tensile stress,
and corrosive environment (Ref 58]. Kumar et al. (Ref 59]
reported similar findings on the metals susceptible to SCC and
highly influenced by their microstructural properties. When
exposed to chloride ions, the HNASS material exhibits a self-
protective behavior by creating a passive protective layer of
chromium oxide. However, the protective film of the U-bend
specimen may be ruptured by slip bands caused by the plastic
deformation induced by constant strain (Ref 60, 61].



Before test

After 70 hours

After 35 hours

Bend

After 105 hours

After 140 hours

After 150 hours

Fig. 18 Macroscopic observations at 10x on the U bend surface of HNASS aged at 750 °C for 1 hour exposed to a boiling 45% MgCI2

solution for 150 hours

From the present study, the corrosion behavior of the nickel
and molybdenum-free high nitrogen austenitic stainless steel
(HNASS) is affected by several factors, such as chemical
composition, exposure to elevated temperature, duration of
exposure time, susceptible microstructure, tensile stresses, and
the corrosive environment. It was found that, the correlation is
established between the microstructural morphology, % DOS,
pitting, and SCC behavior of HNASS. The above phenomena is
evident and expressed as follows: As the alloy is isothermal
aged within the aging range resulted in various morphologies of
(fine, discrete, and globular) Cr,N precipitates along the grain

boundaries at lower ageing temperature. Whereas the lamellar
Cr,N (false pearlite) formed within the grain interior at higher
ageing temperature when exposed for a longer duration. The
initiation of pitting corrosion is influenced by the presence of
Cr,N precipitates, which are mainly in the vicinity of grain
boundaries. In the corrosive environment, as exposure time
increases more corrosion pits are formed at the active sites due
to galvanic interaction between Cr,N precipitates and austenite
matrix. These active sites are the primary source for anodic path
dissolution for pitting corrosion and the possible SCC mech-
anism in HNASS.
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Fig. 19

4. Conclusions

The nickel and molybdenum-free high nitrogen austenitic
stainless-steel (HNASS) microstructure in the solutionized
condition is found to have an austenite matrix with an-
nealed twins near the grain boundaries. Isothermal ageing
at the sensitization110 range resulted in HNASS acting as
a precipitate-sensitive material along with aging tempera-
ture and exposure duration.

Fine, globular, and discrete Cr,N precipitation is observed
at grain boundaries when the alloy is treated at 550 °C for
all exposure durations and 650 °C, 750 °C, and 850 °C
for lower exposure duration. The lamellar Cr,N pearlite-
like microstructure was formed within the austenite grain
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Micrographs on the bent surface of HNASS aged at 750 °C for 1 hour exposed to a boiling 45% MgCl, solution for 150 hours

when treated at 650 °C, 750 °C, and 850 °C after
360 min, 180 min, and 60 min, respectively.

From the DL-EPR and PDP studies, higher % DOS
(52.52%) and lower Epit (— 252.36 mV) at an isothermal
temperature of 850 °C for 720 min exposure time are ob-
served. However, the alloy exhibited lower % DOS
(47.06% at 750 °C for 1440 min and 43.71% at 850 °C
for 1440 min) and higher Epit (— 157.95 mV at 750 °C
for 1440 min and — 153.191 mV at 850 °C for 1440 min)
in DL-EPR and PDP studies due to the insufficient deple-
tion of chromium (Cr) content caused by nitride precipita-
tion at the exposure after 720 min at 750 °C, and 850 °C.
The SCC behavior of HNASS was investigated in an aged
condition at 750 °C for 1 hour and exposed to a boiling
45% MgCl, solution for 150 hours. During the test, no
visible cracks were identified on the bent surface. The
SCC mechanism was initiated by the anodic dissolution



between the anodic sites (chromium-depleted regions) and
cathodic sites (austenite matrix), which are the source of
the initiation of corrosion pits.

The present study established that HNASS treated at
isothermal ageing conditions are affected by various mor-
phologies of Cr,N precipitation formed at the grain
boundaries and within the matrix and are correlated with
the intergranular, pitting, and stress corrosion cracking be-
haviour.
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