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Abstract
In the present work, the interface morphology and the evolution of nitride precipitates in LDX 2101 stainless steel isothermally
treated at 750 °C for various aging times were investigated. The microstructure results showed that the Cr2N nitrides precipitated
along the δ/γ interface with 200 nm in length and continue to grow to 2 μm after 240 h of aging. However, only Cr2N nitrides
were found at the δ/δ interface after long term of aging. Atomic force microscopy (AFM) analysis revealed that Cr2N nitrides and
Cr23C6 carbides started to precipitate after the first 10 min of aging with a small needle shape of the former and specific triangular
morphology of the latter. The evolution of hardness and Young’s modulus of the interfaces, performed with nano-indentation
measurements, showed that the δ/γ interface became harder (4.1 ± 0.2 GPa) with increasing aging times, whereas negligible
changes in the hardness and elastic modulus were recorded at the δ/δ interface. 3D topographic analysis of the immersed surfaces
revealed that the susceptibility of δ phase to preferential dissolution in 3.5% NaCl solution increased with aging time. This
behavior was manifested by the important imperfections of δ phase, the high surface roughness (55.7 nm), and the deep corrosion
pits (30 nm) along the δ/γ interface and around the Cr2N nitrides.
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1 Introduction

The low cost and decent stability of the ferrite (δ) and austen-
ite (γ) phases in lean duplex stainless steels (LDXs) have
raised much interest in the last two decades [1]. The LDX
2101 grade has known a boosting demand as a result of its
increased application in steam generators and pressure vessel,
thanks to the lightened range in nickel element without alter-
ing the phases balanced, the excellent mechanical properties,
and high corrosion resistance [2, 3]. It is known that the good
properties of LDX steel may be affected when the steel is
exposed to high-temperature treatment that results in phase
decomposition and precipitation of undesirable phases [4–6].

Indeed, the high sensitivity of LDX 2101 to the nitride pre-
cipitation, as a substantial fraction of nitrogen, presents a crit-
ical issue as sigma phase precipitation in 2205 DSS, which
affects the toughness and the corrosion resistance of the steel
[6, 7]. The aging treatment of LDX 2101 at 700 °C produces
intermetallic precipitates along the δ/γ and δ/δ boundaries and
a secondary austenite phase (γ2), with low-chromium concen-
tration in the neighboring formed precipitates [8]. The ferrite
phase decomposition according to the eutectoid transforma-
tion (δ→ Cr2N + γ2 and δ→M23C6 + γ2) resulted in nitride,
carbide, and γ2 formation especially at the δ/γ interfaces [9].
The transformation kinetic of the above eutectoid reaction is
strongly related to temperature range and exposure time. The
embrittlement nose of nitride precipitation in LDX 2101 is
roughly situated between 650 and 750 °Cwhere the maximum
amount of Cr2N is reached at 700 °C. It is assumed that the
low Mo content and the high amount of N as alloying ele-
ments in the LDX 2101 steel favor the Cr2N precipitation
instead of sigma phase when the steel is subjected to heat
treatments. Meantime, Cr2N nitrides were found in 2205 stain-
less steel after a long aging treatment between 700 and 900 °C
and rapid cooling [10]. Numerous research works have report-
ed the negative effect of chromium nitride precipitation on the
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microstructure and mechanical behavior of welded or isother-
mally heat-treated DSS [11–16]. It is found that Cr2N precip-
itated at δ/γ boundaries in 2507 super duplex stainless steel
after 3-min holding time at 900 °C while these precipitates
were formed within δ grains at 850 °C after 3-min aging
temperature [17, 18]. This resulted in a decrease in impact
energy, an increase in hardness and the wear resistance of
the aged samples with remarkable microstructural changes
along the interfaces [19, 20]. In other research works, Cr2N
precipitates were detected at δ/γ and δ/δ interfaces and in the
ferrite phase after isothermal aging at 700–900 °C without
formation of sigma and chi phases in LDX 2101, which di-
rectly affect the electrochemical behavior of the studied steel
[21–24]. Deng et al. [23] found that the corrosion resistance of
δ decreases due to the creation of the Cr-Mo depletion zone at
the vicinity of δ grain boundaries. In fact, the chromium de-
pletion zone that resulted from the eutectoid decomposition of
ferrite phase is highly susceptible to dissolution that implies
high pitting corrosion rate [21, 25]. At high temperature, δ
phase decomposition raises the formation of Cr2N and sec-
ondary phases that promotes pitting corrosion occurrence at/
or adjacent to the formed precipitates [21]. Perren et al. [26]
found that Cr2N nitrides decrease significantly the corrosion
resistance and the passivation behavior of the DSS. However,
Ha et al. [27] concluded that the lamellar Cr2N was the most
susceptible site for corrosion compared to the ones precipitat-
ed along the grain boundaries. The literature reported limited
research works that correlate the nitride morphologies to their
effect on the corrosion response of the isothermally aged LDX
2101 steel. Therefore, in the present work, close examination
of the effect of nitride precipitates on the evolution of phase
interfaces in LDX 2101 stainless steel aged at 750 °C for
several aging times is conducted. The influence of Cr2N ni-
tride morphology and secondary phases on the microstructure,
local mechanical properties (hardness and elastic modulus)
using nano-indentation measurements of the treated steel is
deeply investigated. Furthermore, immersion tests in the chlo-
ride environment are performed to evaluate the surface imper-
fections of the aged specimens and highlighted the precipi-
tates’ role on the degradation degree of the immersed surfaces

2 Materials and experimental procedures

The investigated material used in this work is a lean duplex
stainless steel LDX 2101 (UNS S32101), received in a plate

form of 6.5-mm thickness and dimensions of 50 × 50 mm2,
with the chemical composition given in Table 1. Specimens
with a 20 × 20 mm2 square surface were cut from the received
plate and solution-annealed at 1050 °C for 60 min, followed
by water quenching. Thereafter, the specimens were isother-
mally aged at 750 °C for different holding times (10 min, 20
min, 1 h, 10 h, 24 h, 72 h, 120 h, and 240 h) and water
quenched to produce microstructural changes (precipitates
and secondary phases) that could influence the interfacial be-
havior between phases.

The obtained samples were prepared for optical metallog-
raphy and electrolytically etched using a LectroPol-5 machine
with 1 M KOH solution working at 5 V for 6 s. The micro-
structural examination of the samples was conducted using a
Nikon optical microscope and a ZEISS Gemini SEM 300
scanning electron microscope (SEM) equipped with an
energy-dispersive spectroscopy (EDS) detector for the chem-
ical analysis of the different constituents.

X-ray diffraction (XRD) analysis was performed to identify
the phases of the aged samples using Bruker D2 Phaser 2nd

generation with Cu (Ka) radiation (0.15406 nm) operating at
40 kV and 40 mA, with the parameters of angular interval 2θ:
10–120°, angular step: 0.026°, and 72-s time per step. The
obtained patterns were characterized by HighScore software
using the PDF4 database.

Global mechanical behavior of the aged samples has been
conducted by hardness measurements using a Buehler
WILSON VH3300 hardness machine under 10 kg/f load and
10-s dwell time. The local mechanical properties of the differ-
ent phases were evaluated through nano-indentation measure-
ments using an Anton-Paar NHT-3 nano-indenter with a
Berkovich tip under a 10-mN applied load. Five indents were
conducted in the ferrite phase, austenite phase, δ/γ interface,
and δ/δ interface in order to obtain an average value of hard-
ness (HIT) and Young’s modulus (EIT) of each region using
the Oliver and Pharr method [28].

The corrosion behavior of the specimens was evaluated by
the immersion test into 3.5% NaCl solution for 72 h at room
temperature. Before and after immersion tests, the surface ob-
servations of the aged specimens were performed by atomic
force microscopy (AFM) using ScanAsyst, Bruker instru-
ment, working in PeackForce tapping mode. To carry out
the different measurements, magnetic force microscopy
(MFM)modewas employed to identify the magnetic behavior
of different phases. The topographic images of the samples
were generated during the first scan whereas the magnetic

Table 1 Chemical composition of the LDX 2101

Element C Si Mn P S Cr Ni Mo N Fe

wt.% 0.03 0.7 4.72 0.025 0.01 21.2 1.74 0.29 0.25 Bal.
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response of the scanned surface was obtained with a lift of
118 nm between the sample surface and the MESP tip, taking
into consideration the topography recorded during the first
pass. All the images were processed with the Nanoscope V
fromVeeco Instruments Inc., where the surface roughness and
pit depth were examined.

3 Results and discussion

3.1 Evolution of precipitate morphology and
interfaces with aging time

Figure 1a shows the optical micrograph of the as-annealed
sample treated at 1050 °C for 60 min. A typical equilibrium
microstructure of bright γ-austenite phase is distributed in a
dark matrix of δ-ferrite with average amounts of 48% and
52%, respectively. It can be seen, from the AFM image of
the as-annealed sample shown in Fig. 1b, the smooth aspect
of γ compared to that of δ phase with 6-nm and 13-nm rough-
ness, respectively. The γ/δ interface illustrated in Fig. 1c ob-
tained usingMFMmode exhibits a precipitation-free interface
with no secondary phases throughout the interface where
striped magnetic domains of the ferromagnetic δ phase with
high contrast but not in the paramagnetic γ-austenite are clear-
ly seen.

Figure 2a–d shows the microstructure evolution of the
LDX 2101 samples aged at 750 °C for 10 min, 1 h, 24 h,
and 240 h, respectively. After 10 min of aging (Fig. 2a), tiny
black dots (precipitates) are observed at the γ/δ interfaces
surrounded by white pancake-like structure so-called second-
ary austenite (γ2). Increasing the aging time to 1 h (Fig. 2b),
the precipitates became more pronounced and their amounts
increase progressively at the γ/δ interface into the detriment of
δ phase (Fig. 2c and d after 24-h and 240-h aging time, re-
spectively). These phases appeared as consequence of the eu-
tectoid transformation of δ phase into nitrides and carbides

(δ.→ γ2+ M2N+ M23C6). Numerous research works [1, 19,
29] reported that, in LDX 2101, nitrides start to nucleate in the
earliest stages of aging (after the first 6 min) at 750 °C along
ferrite/austenite grain boundaries. Maetz et al. [8] mentioned
that due to the low C content in LDX 2101 steel (<0.03 wt.%),
the M23C6 carbides stop to nucleate after the first 15 min of
aging, whereas M2N nitrides continue to grow along the γ/δ
interface and start to precipitate at the δ/δ interface with longer
aging times. According to the Thermo-Calc diagram (using
the TCFE7 database) illustrated in Fig. 3a, below 760 °C,
secondary phases, i.e., nitrides, carbides, and sigma phase,
are formed where the highest molar fraction of nitrides of
about ~4% is precipitated at 750 °C and that to the detriment
of ferrite phase (around 38%). This behavior is discriminated
from meaning values due to the hors-thermodynamic equilib-
rium conditions in which the steel is treated [30].
Simultaneously, small fraction of carbide precipitates (0.5%)
is formed where the δ-ferrite seems to be instable around this
temperature. On the other side, γ phase exhibits a slight in-
crease in molar fraction, which is more likely attributed to the
formation of γ2-secondary austenite. The XRD patterns
shown in Fig. 3b–d confirm that the precipitates already
formed are Cr2N nitrides and Cr23C6 carbides with the ab-
sence of sigma phase. In the as-annealed specimen (Fig. 3b),
only δ and γ phases are identifiedwith intense peaks. After 1 h
of aging, a remarkable decrease in ferrite intensity peak is
obtained (Fig. 3c) that becomes barely detected after 240-h
aging time (Fig. 3d). Meantime, Cr2N exhibits intense peak
as aging time increases. The high peak intensity of Cr2N re-
flects the increase of its content as aging time increases sug-
gesting the important decomposition of δ-ferrite into Cr2N and
Cr23C6 precipitates.

The EDS elemental mapping analysis conducted at a triple
junction of the sample subjected to 24 h of aging is shown in
Fig. 4. It can be seen from the superposition of Cr and N
elements that the precipitates formed at the interface are es-
sentially chromium-rich nitrides where secondary austenite

Fig. 1 Microstructure of the as-annealed LDX 2101 sample. aOptical micrograph. b AFM image of the as-annealed structure. c Zoom view of the δ / γ
interface using MFM mode
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can be distinguished from the chromium depletion region with
dark contrast around the bright precipitate. The semi-
quantitative EDS microanalysis conducted in this region
illustrated in Table 2 reveals clearly that the secondary
austenite contains less chromium compared to the primary
austenite (16 wt.% and 20 wt.%, respectively). On the
other side, at the γ/precipitate interface, a high level of
N and Cr elements is recorded (15 wt.% and 26 wt.%,
respectively), which confirms the presence of Cr2N ni-
trides. It is believed that the high stacking fault energy
of δ phase compared to γ and the rapid diffusion kinetics
within δ structure facilitate the Cr, Mo, and N diffusion
into the former phase due to the compact crystal structure
of FCC compared to the BCC one. Furthermore, the in-
terstitial solid solution of N, since its small atom size, and
the high chemical affinity to Cr element favor the forma-
tion of chromium-nitride compounds in preferential sites
with high stacking fault energy as grain boundaries or
even inside the ferrite grain [31, 32]. Deng et al. [33]
revealed the formation of small amount of σ phase adja-
cent to Cr2N at 700 °C that increases in volume fraction
with increasing aging time. However, in the present inves-
tigation, only the Cr-depleted region (γ2) was observed at
the surrounding of Cr2N precipitates.

The evolution of the Cr2N morphology with aging time is
shown in Fig. 5a–d. As mentioned above, the precipitation
mechanism of Cr2N nitrides is the consequence of the eutec-
toid decomposition of ferrite. This mechanism is often the
main factor responsible on the precipitate morphology [9]. It
can be seen that after the first 10 min of aging (Fig. 5a), Cr2N
nitrides start to precipitate in a small needle shape of 200-nm
length at the δ/γ grain boundary and grow towards the ferrite
phase with further aging. The AFM image of the sample aged
after 1 h reveals that these precipitates appear as small bright
dots along δ/γ interfaces (Fig. 5e) where the ferromagnetic
ferrite and the paramagnetic austenite are clearly observed
(Fig. 5f). A significant Cr2N growth is produced with a
needle-like structure that reaches 1.5-μm length after 24 h of
aging (Fig. 5c). Increase in aging time to 240 h results in
increasing (2 μm) and dispersion of Cr2N nitrides throughout
the γ2 matrix (Fig. 5d).

From the above images, it seems difficult to distinguish
between nitride and carbide precipitates using SEM, evenwith
high magnifications. The small size of Cr23C6 carbides, their
formation at the earliest stages of aging treatment, and their
identical appearance under a SEmicroscope (small black dots)
require the employment of powerful investigation techniques
that allow the visualization and the distinction between these

Fig. 2 Optical and SE-SEM micrographs of lean duplex aged at 750 °C for a 10 min, b 1h, c 24 h, and d 240 h
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Fig. 3 a Thermo-Calc diagram of the phases present in the LDX 2101 after heat treatment and the XRD patterns of (b) as-received sample and (c, d)
samples aged after 1-h and 240-h time, respectively

Fig. 4 SE-SEM image and EDS
mapping analysis conducted at a
triple junction of the sample aged
for 24 h at 750 °C
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precipitates. Maetz et al. [34] revealed, using TEM and FIB
techniques, that the precipitate morphology depends on the
grain boundary nature. They found that Cr2N precipitated as
a rod-like structure at γ/δ and δ/δ interfaces whereas triangle
Cr23C6 carbides precipitate only at the γ/δ interface with no
longer evolution with aging time. Figure 6a shows the AFM
image, using tapping mode, of the sample isothermally treated
after 10 min of aging. The δ phase is distinguished by a dark
contrast while a brighter contrast of γ phase is observed. It is
clear, from Fig. 6b, that the γ/δ interface is pinned by highly
bright precipitates compared to both parent phases. The de-
composition of δ-ferrite into secondary phases is highlighted
by the heterogeneous contrast that resulted from its roughness
and the formation of new precipitates. The scan of a small area
of the γ/δ interface reveals the triangle shape of Cr23C6 car-
bides randomly distributed throughout the interface and into
the γ2 with 100–150-nm main size (Fig. 6b, c). Hang et al.
[35] explained that the increase in misorientation between two

adjacent grains (ferrite and austenite) allows the carbide
growth through the lowest interfacial energy, which results
in the triangular morphology of Cr23C6 carbides. Brighter fine
precipitates are also observed along the δ/γ interface and into
the ferrite phase (Fig. 6c) that are attributed, according to their
morphology, to Cr2N nitrides (150 nm in length). These re-
sults are in good agreement with those found by previous
research work [34]. The preferential nucleation and growth
of precipitates towards δ phase results in δ/γ interface migra-
tion from the precipitate particles into δ phase (Fig. 7a–c),
leaving the precipitates behind along the original interfaces,
which increases the size of the secondary austenite. On the
other side, no precipitates were detected at the δ/δ interface
after aging up to 120 h. However, precipitates start to appear at
the δ/δ interface in the sample aged for 240 h (Fig. 7b), which
are more likely Cr2N nitrides according to Maetz et al. [8],
who demonstrated that only nitrides may be formed at this
interface and that for a long aging treatment. It is interesting
to note that on the MFM image of the sample aged at 240 h
(Fig. 7c), the secondary austenite exhibits a ferromagnetic
behavior contrary to the paramagnetic primary austenite.
Silva et al. [36] established that Cr23C6 carbides are paramag-
netic and the decrease in chromium content in austenitic stain-
less steel promotes the increase of Curie temperature over
room temperature which results in the transformation of the
paramagnetic austenite to the ferromagnetic structure as pro-
posed by Stevens et al. [37].

Fig. 5 δ / γ interface evolution and precipitation morphology with aging time. SE-SEM images (a) after 10-min aging, (b) after 1-h aging, (c) after 24-h
aging, and (d) after 240-h aging. e, f AFM and MFM after 1-h aging time

Table 2 EDS point analysis conducted in the triple junction targeted in
Fig. 4

Elements wt.% Cr Ni N Mn Fe

.1 26.2 2.3 15.1 1.5 Bal.

.2 16.4 4.5 0.1 5.6 Bal.

.3 20.1 3.2 0.3 6.1 Bal.
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3.2 Effect of aging time on the hardness

The hardness evolution of the as-annealed and the aged samples
is exhibited in Fig. 8. A slight decrease in hardness values is
recorded (from 235±4 HV10 to 225±3 HV10 for 10-min and
240-h aging times, respectively) with aging time. This behavior
can be explained by the formation of Cr depletion zones, as a
consequence of the eutectoid decomposition of ferrite, that in-
creases with aging time. Similar results were found by Zhao et al.
[38] who reported that for a long aging period, nitrogen element
(austenite-stabilizing element) diffuses from the austenite phase
matrix to form nitrides at the grain boundaries, which results in
the decrease of hardness of the aged samples.

3.3 Local-mechanical behavior of interfaces after
aging treatment

Figure 9a shows load-displacement curves with optical im-
ages incorporated in the same plot to confirm the position of
the indents belongs to a specific phase. It is clear from the load
segment that both phases exhibit different deformation behav-
iors. At low indentation depth (before 100 nm), ferrite dis-
plays distinct elastic regime whereas at greater depth, similar
plastic trends were observed. As it can be seen, the austenite
reaches a highest load at 225 nm than ferrite (300 nm), sug-
gesting its high hardness (4.7 GPa and 3.1 GPa, respectively).
The unload parts show a similar behavior implying the same

Fig. 6 aAFM image of the microstructure of the sample aged after 10 min. b Small scanned area of the δ / γ interface. cAFM image of Cr23C6 carbides
with a triangular shape
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stiffness and elastic modulus of both phases (around 241
GPa). It has been believed that in DSSs, the strength is en-
hanced by the hard ferrite, whereas the softening is insured by

the austenite phase. However, the strengthening effect of N
element and its high solubility in austenite phase are the main
reason for the higher hardness of the latter compared to ferrite

Fig. 8 Vickers hardness
measurements

Fig. 7 Cr2N precipitate and γ2 morphology of the sample aged at 750 °C for 240 h. (a) BSE-SEM image and (b) SE-SEM image of the ferrite/ferrite
interface with a needle-like structure of Cr2N. (c) MFM image of the 240-h aged sample
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phase [8]. Similar results were found by Fang et al. [39] who
concluded that the austenite phase becomes harder when the
nitrogen content in the steel is higher than 0.2%.

The calculated average hardness and indentation Young’s
modulus of interfaces issued from different aging times are
illustrated in Table 3. The low scatter of the experimental data
reflects the reliability of nano-hardness and indentation mod-
ulus measurements. Two distinguished domains can be ob-
served from load-displacement curves of the aged δ/γ inter-
faces (Fig. 9b). Under the same applied load, the penetration
depth was less with increased aging time (24 h and 240 h),

while the as-annealed specimen and the sample aged at
10-min aging time exhibit roughly the similar tendency,
suggesting that the interface resistance to penetration was
higher at high aging time, which signifies the low hard-
ness of the interfaces after low aging time (see Table 3).
Meantime, the slopes of δ/δ interfaces illustrated in Fig.
9c seem to be unaffected by aging treatment indicating
negligible changes in hardness (4.8 ±0.3 GPa) except after
240 h of aging (5.1 ±0.2 GPa). These results can be
explained by the precipitation of Cr2N at the δ/δ interface
that takes place after a long time of aging.

Fig. 9 Load-displacement curves of (a) γ and δ phases, (b) γ / δ interfaces, and (c) δ / δ interfaces of the samples aged at 750 °C for different times

Table 3 Nano-hardness (HIT) and
Young’s modulus (EIT) values
measured in different phases and
the δ/γ interface of the specimens
aged for various times

Ferrite Austenite As-
annealed

10-min aging 24-h aging 240-h aging

HIT (GPa) 3.1±0.3 4.7±0.2 3.4±0.1 3.7±0.5 3.9±0.4 4.1±0.2

EIT (GPa) 234±7 249±8 241±5 245±6 249±5 247±4
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3.4 Effect of secondary phases on the surface
response of the aged samples

The surface imperfections of the aged specimens after immer-
sion tests in 3.5% NaCl solution for 72 h are analyzed using

AFM. 3D topographic images with the corresponding line
profile of the as-annealed and isothermally aged samples at
10 min and 240 h after immersion tests are shown in Fig. 10a–
c. It can be seen that on all sample surface, small white parti-
cles that are attributed to the Na and Cl (salt) stacked on the

Table 4 Roughness
measurements in δ and γ phases
after immersion tests in 3.5%
NaCl of different aged samples

Samples As-annealed 10-min aged sample 240-h aged sample

Arithmetic roughness (Ra) nm Ferrite

(δ)

Austenite

(γ)

Ferrite

(δ)

Austenite

(γ)

Ferrite

(δ)

Austenite

(γ)

23.7 7.4 38.8 4.9 55.7 5.2

Fig. 10 3D AFM images of the surface topography with the corresponding line profiles after immersion in 3.5% NaCl solution for the (a) as-annealed
sample, (b) 10-min aged sample, and (c) 240-h aged sample

1890 Int J Adv Manuf Technol (2021) 116:1881–1893



surface holes and along the interfaces after both water
cleaning and hot air drying. The as-annealed specimen ex-
hibits a smooth surface with a main roughness value of about
18 nm. As seen in Fig. 10a, a heterogeneous distribution of
roughness over the sample surface is observed where the δ
phase shows the highest values of roughness compared to the
γ phase one (Table 4). This indicates the high susceptibility of
δ phase to the preferential dissolution in NaCl solution and its
deterioration turned deeper with increasing aging time. A sim-
ilar behavior was observed by Guat et al. [40] who found that
the high content of nickel and nitrogen elements in austenite
phase resulted in the lowest corrosion potential in ferrite phase
in 2507 super duplex stainless steel. This phenomenon is ex-
plained by the low active status of alphagen-Cr element in
hydroxide solution than that of gamagen-Ni element, which
results in the best corrosion resistance of austenite phase.
Except for the as-annealed specimen, the aged samples exhibit
important changes in surface roughness. A uniform δ/γ inter-
face is seen in the as-annealed specimen with shallow pits

(12 nm in depth) throughout the ferrite surface and along the
δ/γ interfaces. Meantime, the surface of the sample obtained
after 10-min aging time (Fig. 10b) shows a homogeneous
roughness pattern that is higher than the as-annealed one
where important imperfections of δ phase with nitrides, uni-
formly distributed along the interface, are observed. The worst
surface aspect is found in the specimen aged at 240 h subject-
ed to the NaCl solution, which presents deep holes (pits of
30 nm in depth) and imperfection at the grain boundaries (Fig.
10c). It can be seen that after 10 min of aging, the surface
exhibits pits at the vicinity of γ2 and inside δ phase that be-
come prominent after 240 h of aging. Furthermore, pits are
detected around the Cr2N (Fig. 11a, b) that become deeper
with increasing aging times (Fig. 11c). The nucleation of pits
and their growth through the interface and around the Cr2N is
attributed to the nature of elements present in each zone
(phase). Furthermore, the low chromium content at the δ/γ
interfaces, due to the formation of Cr2N and Cr23C6 precipi-
tates, promotes the nucleation of further preferential site for

Fig. 11 Austenite/ferrite interface obtained after immersion tests. aBSE-SEM image of the sample aged after 24 h. b, cAFM images of the samples aged
after 24 h and 240 h, respectively
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pitting, exclusively in secondary austenite. Therefore, it can be
said that the γ2 phase acts as the origin of pitting along the δ/γ
interface, while inside the δ phase, a selective corrosion oc-
curred due to the low potential of ferrite phase.

4 Conclusion

The effect of aging time on the precipitation morphology and
the interface evolution of LDX 2101 stainless steel have been
investigated using SEM, AFM, and nano-indentation mea-
surements. The following conclusions can be drawn:

– Needle-like structures of Cr2N nitrides with 200 nm of
length are precipitated at the earliest stages of aging that
grow to 2 μm in length after 24 h of aging at 750 °C.

– After 10 min of aging, triangular Cr23C6 carbides are
detected only along the δ/γ interface with 150-nm main
size while Cr2N nitrides start to precipitate after long term
of aging (120 h) along the δ/δ interface.

– The high precipitation content of Cr2N results in the in-
crease of the δ/γ interface nano-hardness with aging time
while the δ/δ interface remains unaffected by aging
treatment.

– Increasing the aging time to 240 h results in the worst
surface aspect, which presents deep pits of 30 nm in depth
and high surface imperfection at the grain boundaries.

– Selective corrosion occurred into the δ phase and around
the Cr2N nitrides where the γ2 phase acts as the origin of
pitting along the δ/γ interface.
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