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Abstract: This research focuses on the addition of low-
cost rare earth metals (REMs) to improve the comprehen-
sive properties of hyper duplex stainless steels (DSSs).
The effects of REM on the microstructure, mechanical
properties, and pitting corrosion of hyper DSSs were ana-
lyzed by optical/scanning electron microscope metallo-
graphic examination, X-ray diffraction analysis, tensile
test, impact test, and potentiodynamic polarization test.
With the addition of REM, micro/nanoscale REM inclu-
sions were formed, and the microstructure of the alloy
was refined. With the increasing content of REM, the
average diameter and area of inclusions in the alloy
decreased at first and then increased. While the mechan-
ical properties showed a trend of first increasing and then
decreasing. An appropriate amount of stable REM inclu-
sions could reduce the susceptibility of pitting corrosion
and improve the pitting corrosion resistance of the alloy.
The hyper DSSs with REM content in the range of

0.018–0.031 wt% have excellent mechanical properties
and pitting resistance.
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1 Introduction

Duplex stainless steel (DSS) composed of ferrite and aus-
tenite has shown excellent mechanical properties and
corrosion resistance, which is widely used in the oil
and gas industry, seawater environment, desalination,
and chemical fertilizer industry [1–3]. In recent years,
to meet the needs of extremely harsh working conditions,
such as deep-sea oilfield exploitation and flue gas desul-
furization, highly alloyed hyper DSSs with pitting resis-
tance equivalent number (PREN) values (wt% Cr + 3.3
[wt% Mo + 0.5wt% W] + 30wt% N) greater than 50, such
as SAF2707HD and SAF3207HD, have received more and
more attention. The hyper DSSs with excellent mechanical
properties and corrosion resistance usually have high con-
tents of Cr, Ni, andMo, which is more likely to form harmful
secondary phases, such as χ phase in ternary Fe–Cr–Mo
system and quaternary Fe–Cr–Ni–Mo system [4–6].
Usually, the brittle intermetallic compounds represented
by σ phase and χ phase are easily precipitated in the
casting cooling process, hot rolling slow cooling process,
and welding thermal cycles. Thus, the Cr and Mo element-
depleted zones around the brittle intermetallic compounds
can be formed, which reduces the mechanical properties
and corrosion resistance of DSSs. The secondary phases
can be eliminated by appropriate solid solution heat treat-
ment [7,8]. Kim et al. [9] reported that the addition of Ce
with a content of 50–100 ppm can effectively delay the
precipitation of σ and χ phases in 27Cr–7Ni–2.5Mo–3.3W
−0.35N hyper DSSs during isothermal annealing at tem-
perature range of 873–1,273 K for 1–1,000min, thereby
inhibiting the degradation of mechanical properties.
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However, excessive Ce (450 ppm) formed Ce-rich parti-
cles, which result in a low concentration of Ce in the
matrix, leading to the degradation of mechanical prop-
erties. Jeon et al. [10] indicated that the addition of
Ce (0.056wt%) can reduce the precipitation of σ phase in
2707HD hyper DSSs during isothermally aged at 850°C for
10 and 30min, thereby retarding the decrease in intergra-
nular corrosion resistance of the alloy. Extensive research
works have been carried out to inhibit the phase of inter-
metallic compounds and control the formation of non-
metallic inclusions, so as to improve the quality of
DSSs. In addition, in order to improve the weldability
of DSSs, Świerczyńska et al. [11] studied the hydrogena-
tion of DSSs welded joints prone to hydrogen embrittle-
ment under cathodic protection in artificial seawater
environment and established mathematical models to
analyze the mechanical properties of welded joints under
cathodic protection conditions. Varbai et al. [12] developed
the Johnson–Mehl–Avrami–Kolmogorov equations para-
meters to accurately predict the austenite/ferrite ratios in
the heat-affected zone.

Hyper DSSs are usually used in harsh working con-
ditions with high content of chloride. It is valuable in
industrial applications to optimize the composition of
alloy through the addition of some beneficial elements
such as low-cost rare earth metals (REM) to improve its
comprehensive properties. The standard free energy of
(REM)xSy and (REM)2O3 is lower than that of non-metallic
inclusions in alloys, such as Al2O3 and MnS, which is
easily served as the starting point of pitting corrosion in
a chloride-exposure environment [13–16]. The addition of
an appropriate amount of REM tends to form spherical
REM inclusions, which can improve its pitting resistance
[17,18]. In addition, unlike angular MnS-type inclusions,
spherical REM inclusions are less likely to form concen-
tration gradient at grain boundaries, improving the tough-
ness of the alloy [19]. NithinRaj et al. [20,21] reported that
ASTM A890 7A hyper DSSs with 0.0109wt% REM addition
has a stable oxide layer and high PREN equivalent.
Coupled with its higher hardness, 7A hyper DSSs were
more suitable for severe erosion–corrosion and high-
speed sliding wear environments than grade 5A and
6A super DSSs. Ma et al. [22] indicated that the addition
of REM (0.056 wt%) improved the hot workability of
23Cr–5Ni–3.2Mo–0.17N DSSs. The micro-alloying of REM
can reduce the mismatch of hardness between ferrite and
austenite, improve the development of dynamic recrystal-
lization, and narrow the flow instability zone in the region
of heat deformation parameters. Ha et al. [23] demon-
strated that the size and surface density of REM inclusions
formed by adding 0.067wt% REM to 25% Cr super DSSs

decreased, thus improving the pitting corrosion resistance
of the alloy. Liu et al. [24] found that the purification and
micro-alloying effects of REM significantly can improve
the impact energy and ultimate tensile strength and
inhibit the growth of fatigue cracks of 718H pre-har-
dened mold steel. However, the excessive addition of
REM up to 0.07wt% deteriorated the mechanical proper-
ties. That is to say, the increase of REM content within a
certain range consistently improved high-carbon chro-
mium-bearing steel transverse and longitudinal impact
toughness [25]. However, the excessive addition of REM
severely deteriorated the impact toughness. Yang et al.
[26] presented that the addition of 0.0065 wt% REM can
refine and modify the inclusions in high-carbon chro-
mium-bearing steel, which exhibits shorter crack initiation
life and longer crack propagation life. Therefore, com-
pared to the steel without REM addition, the fatigue life
was increased bymore than 10 times in the very high-cycle
fatigue regime. Jiang et al. [27] showed that the best combi-
nation of strength, upper shelf energy, and ductile to brittle
transition temperature were obtained by adding 0.012wt%
REM into low alloy Cr–Mo–V steels. However, the excessive
addition of REM led to the increase of large-size inclusions,
which significantly deteriorates the impact toughness.

The hyper DSSs used under harsh corrosion condi-
tions require not only excellent corrosion resistance but
also strong mechanical properties. However, most of the
related studies only focused on the effect of single REM
content on super DSSs, in which more attention is paid to
a single aspect of microstructure, mechanical properties,
or corrosion resistance. Experimental alloys prepared by
melting in our study have a high degree of purity, thus
avoiding that large amounts of REMwas added for deoxida-
tion and desulfurization to be consumed. The addition of
REM can form a certain percentage of REM inclusions with
micro/nanoscale, which may have significant effects on
microstructure, strength, impact toughness, and corrosion
resistance. Till now, the mechanism of REM on the micro-
structure, mechanical properties, and corrosion resistance
of hyper DSSs with higher strength and corrosion resistance
equivalents is not studied systematically enough. The REM
content that reveals the best mechanical properties and
corrosion resistance has not yet been elucidated.

This work examined the 27% Cr hyper DSSs alloy
containing REM. The effects of micro/nanoscale inclu-
sions formed by the addition of REM in high-purity hyper
DSSs on microstructure, mechanical properties, and pit-
ting resistance were studied in detail. These results are
helpful to understand the action mechanism of REM in
hyper DSSs and provide theoretical guidance for the
design and industrial application of hyper DSSs.
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2 Experimental procedures

2.1 Material

High-purity metals, including Fe, Cr, Ni, Mo, Cu, Co, and
ferrochromium nitride, were used as raw materials. The
experimental alloy was melted in a vacuum induction
furnace (ZG-100 type; Suzhou Zhenwu Electric Furnace Co.,
Ltd, Suzhou, China). Different contents of REM (65 ± 5wt%
Ce–35 ± 5wt% La–0.05wt% Nd–0.05wt% Pr) with purity
greater than 99% were added in the tapping stage. Table 1
shows the chemical composition of the test alloy. The sam-
ples (20mm × 20mm × 120mm) were cut from the alloy by
wire electrical discharge and solution treated at 1,100°C for
120min followed by quenching in water.

2.2 Experimental methods

In order to observe the optical microstructure, the alloy
was ground into 1,200 particles with SiC sandpaper,
polished with emery gypsum, and etched with a solution
composed of 2 g of potassium sulfite, 30mL of hydrochloric
acid, and 100mL of water for 2–5min. The fracture mor-
phology and corrosion pit morphology were analyzed by
scanning electron microscope (SEM; ZEISS EVO-18, Carl
Zeiss AG, Jena, Germany), and the chemical composition
of the inclusion was analyzed by energy dispersive spectro-
meter (EDS) attached to SEM.

Tensile properties and Charpy impact were tested
according to ASTM A370 standard test methods. Cylindrical
specimens with 6.25mm in diameter and 25mm in gage
lengthswereused to test the tensile properties by 2mm·min−1

on the testing machines (DDL300; Sinotest Equipment Co.,
Ltd, Changchun, China). The V-notched specimens (55mm
× 10mm× 10mm)were used tomeasure the Charpy impact
on the testing machine (NI150C; NSC Testing Technology
Co., Ltd, Beijing, China). Mechanical propertieswere deter-
mined bymeans of the average values of four specimens of

each alloy. The data were reported as mean ± standard
deviation values.

In order to study the effect of REM on the pitting
resistance of the alloys, the action potential anodic polariza-
tion curve and electrochemical impedance were measured
by an electrochemical workstation (Autolab PGSTAT128N;
MetrohmAG, Herisau, Switzerland) in a deaerated 3.5wt%
NaCl solution at room temperature. The electrochemical
experiment adopts a three-electrode system; the auxiliary
electrode is a large-area graphite electrode; the reference
electrode is a saturated calomel electrode; and the work-
ing electrode is a test alloy sample with an exposed area of
1 cm2. The scan rate of the potentiodynamic polarization
curve was 20mV·min−1, and the scan range was −600 to
1,200mV.

3 Results and discussion

3.1 Effect of REM addition on
microstructures

Figure 1 shows the optical metallographic structures of
the test alloys. The alloys are solidified in the form of
ferrite–austenite [28–30]. At first, the primary ferrite den-
drite begins to be solidified, and the austenite phase is
formed with the segregation of Ni and N elements into the
melt. In the as-cast microstructure, the lighter phase is
austenite, and the darker phases are ferrite and sec-
ondary phases. The secondary phases are dominated by
the σ phase (Figure 2) from the ferrite phase after the slow
cooling process in the ingot mold. It is obvious that the
microstructure of DSS 1 alloy without the addition of REM
is coarse dendrite, while with the addition of REM, the
as-cast structure of the alloys is obviously refined, and
the microstructure distribution is more uniform. When
the content of REM increases to 0.057 wt%, the as-cast
structure did not continue to be more significantly refined.
After solution treatment at 1,100°C, the microstructure of

Table 1: Chemical compositions of the experimental alloys (wt%)

Alloy designation C Si Mn Cr Ni Mo Cu Co S N REM Fe PREN1

DSS 1 0.021 0.44 1.15 26.9 6.44 4.58 0.88 1.02 0.005 0.43 0 Bal. 54.9
DSS 2 0.018 0.41 1.08 27.2 6.55 4.55 0.93 0.98 0.004 0.43 0.018 Bal. 55.1
DSS 3 0.022 0.39 1.12 27.1 6.41 4.62 0.87 0.93 0.002 0.42 0.031 Bal. 55.0
DSS 4 0.020 0.43 1.03 27.3 6.53 4.45 0.99 1.04 0.002 0.44 0.057 Bal. 55.2

1PREN = wt% Cr + 3.3(wt% Mo + 0.5 wt% W) + 30 wt% N.
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the alloy is a typical two-phase structure, that is, the
lighter austenite phase is distributed on the darker fer-
rite matrix. It is basically consistent with the as-cast
microstructure. Moreover, with the addition of REM,
the size of austenite and ferrite became finer and more
uniform.

The solidification of molten steel in non-equilibrium
state usually forms grains by non-uniform nucleation.
According to the heterogeneous nucleation theory put
forward by Tumbull–Vonnegut [31], the interface of liquid
metal needs to be provided by solid particles with a
melting point higher than the liquid melting point in the
solidification process. In addition, these high melting
point particles need to have a low degree of mismatch

with the metal crystal phase. Combining with oxygen
and sulfur elements in steel, the REM of cerium and
lanthanum with high chemical activity are easily formed
into high-melting-point rare earth oxides, rare earth sul-
fides, and rare earth oxysulfides. It is generally believed
that when the mismatch degree is less than 12%, the high
melting point compound can become the core of non-
spontaneous nucleation [32]. Gao et al. [33] reported that
Ce2O2S (0001) has amismatch of 7.9%with the δ-Fe crystal
plane (111), which ismore likely to become the core of non-
spontaneous nucleation. In addition, REM inclusions
as secondary phase particles pinning grain boundaries
and phase boundaries, leading to the inhibition of grain
growth. Therefore, with the increase of REM content, the
number of micro/nanoscale REM inclusions with high
melting point increases, resulting in more core of non-
spontaneous nucleation. At the same time, the more the
REM atoms segregated at the grain boundary, the greater
the drag effect on the grain boundary, resulting in the
refinement of the as-cast structure of the alloy. Under
the same heat treatment condition, the coarsening trend
of the microstructure is basically the same, and the grain
size after solution treatment was basically the same as that
of the as-cast state.

3.2 Effect of the REM addition on the
distribution of inclusions

Figure 3 shows the optical metallographic images of
the as-cast alloys. Twenty fields were selected for each

Figure 1: Microstructural evolution of (a) as-cast and (b) solution-treated alloys.

Figure 2: X-ray diffraction patterns of the as-cast alloys.
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sample to make statistics on the size and distribution of
inclusions, as shown in Figure 4. The alloy with higher
purity was obtained by experimental smelting, in which
the content of oxygen (<50 ppm) and sulfur (<0.005 wt%)
were lower, and the inclusion with a size <3 µm accounted
for a large proportion of the alloy. The largest size of the
inclusion was <10 µm. In general, when the content of
REM increased to 0.031wt% (DSS 3), the average diameter

and area fraction of inclusions in DSS 1 alloy decreased
gradually from 3.73 µm and 0.275% to 2.33 µm and 0.154%,
respectively. At the same time, the proportion of inclusions
<3 µm increases, while the proportion of inclusions >3 µm
decreasesgreatly.However,when theREMaddition increase
to 0.057wt% (DSS 4), the size and area of inclusions in the
alloy increase sharply, in which the proportion of inclusions
<3 µm decreases. However, the number of inclusions >3 µm

Figure 3: Distribution of inclusions in optical metallographic of the as-cast alloys: (a) DSS 1, (b) DSS 2, (c) DSS 3, and (d) DSS 4.

Figure 4: Effects of REM addition on the size, area, and distribution of inclusions per frame area of the alloys: (a) the average size and
fraction of inclusions and (b) size distribution of inclusions.
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increases obviously. Therefore, the optimum content
range of REM for inhibiting the formation of inclusions
is 0.018–0.031 wt%. The statistical trend is consistent
with the report of Liu et al. [24], who indicated that the
addition of a certain amount of REM (0.012–0.022 wt%)
in 718H steel significantly reduced the proportion of
large-sized inclusions, increased the proportion of fine
inclusions, and reduced the average equivalent diameter
of inclusions. However, with increasing content of REM
up to 0.07wt%, the size and number of inclusions increased
significantly.

Figures 5a and b show the SEM-EDS analysis of the
typical inclusions in DSS 1 alloy. The energy spectrum
composition analysis demonstrates that the inclusions
are mainly composed of Al2O3, MnS, and their composite
inclusions. Without the addition of REM to molten steel,
oxygen and sulfur elements mainly exist in the form of
dissolved and deoxidized product, such as Al2O3. As
REMs are added into the alloy as active elements, on
the one hand, they react with oxygen and sulfur elements
to form spherical or spindle-shaped (REM)2O3 and (REM)xSy.
On the other hand, the inclusions of aluminosilicate, Al2O3,
and sulfide in the alloy are modified into rare earth oxides,
rare earth sulfides, rare earth oxide aluminum compounds,
and their composite productswith small sizes (Figure 5c and
d). The above inclusions have greater negative free energy,
which will take precedence over the formation of other
oxides and sulfur oxides [18,24,34]. The micro/nanoscale
REM inclusions is smaller than that of non-metallic inclu-
sions, such as Al2O3 and MnS. Furthermore, a recent study
reported the inclusions evolution pattern with the addition
of different REMs in 718H steel [24]. The results showed that
with theadditionofREM, irregularMnSandAl2O3 inclusions
weremodified to elliptical REM inclusions. In addition, with
the increasing content of REM, the formation process of REM
inclusions was deduced as (RE2O2S, RE2O3, and REAlO3) →
(RE2O2S,RE2O3, andRES)→ (RE2O2S andRES). Through the
inclusion of thermodynamic calculation, SEM and EDS
observations are consistent with the actual precipitation
sequence. However, when the content of REM increases
up to 0.057wt%, excessive REM adsorbs on the formed
rare earth oxygen and sulfur inclusions, promoting the
absorption ofmore impurity elements, such as phosphorus
and sulfur, as shown in Figure 5e. In addition, excessive
REM addition can increase the concentration of inclusions
in the alloy, and the collision and agglomeration of inclu-
sions are more likely to form large inclusions or dense
inclusions, which is detrimental to the mechanical prop-
erties of the alloy.

3.3 Effect of the REM addition on mechanical
properties

Figure 6a shows the effect of REM on the mechanical
properties of the experimental alloys at room tempera-
ture. With the increasing content of REM, the yield
strength, tensile strength, and elongation of the alloy
reached the maximum value at 0.031 wt%, which are
726 ± 8 MPa, 951 ± 12 MPa, and 44 ± 2%, respectively.
Compared with DSS 1 alloy, they are increased by 3.7,
4.2, and 14.1%, respectively. Figure 7 shows that the
number of dimples in the fracture of DSS 1 alloy is small,
and there are large inclusions at the bottom of the hole.
The dimples of the middle axis in the fracture of DSS 3
alloy become more and deeper. However, the number of
dimples in the DSS 4 alloy became shallow overall
despite its high number. The addition of REM can modify
the nonmetallic inclusions into ellipsoidal forms such as
rare earth oxysulfide and rare earth sulfides, which have
higher hardness and thermal expansion properties com-
pared to Al2O3 and MnS. They can improve the coordination
of deformation with the surrounding matrix [25,34–36],
thereby improving the mechanical properties and fatigue
life of the material [26]. In addition, the inclusion of
REM can also inhibit the segregation of harmful residual
elements, such as arsenic and phosphorus, at grain
boundaries and enhance the grain boundary cohesion,
thereby improving the grain boundary-related proper-
ties [25]. Ahn et al. [37] presented that with the addition
of 0.015 wt% Gd to 27Cr–7Ni hyper DSSs, the tensile
strength, hardness, and impact toughness of the alloy
were improved. There are several reasons for the excel-
lent strength and plasticity of DSS 3 alloy. First, a large
number of micro/nanoscale and uniformly distributed
REM inclusions were formed with the addition of REM,
which makes the microstructure refined obviously as
shown in Figure 1. According to the Hall–Petch equation
[38,39], the yield strength increases with the refinement
of grain size, which is consistent with the experimental
results. With the addition of REM, there was a small
amount of solution REM in the alloy, which can also
play the role of solid solution strengthening, so as
to improve the strength of the alloy. In addition, the
fine and uniform spherical REM inclusions are usually
not formed between grains along the grain boundaries,
which can bond well to the matrix and are less likely to
concentrate stress, thus improving the ductility of the
material [17,19]. In contrast, the size and volume of
inclusions in DSS 3 were reduced and evenly distributed,
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Figure 5: SEM-EDS analysis of inclusions in the alloys: (a and b) DSS 1, (c and d) DSS 3, and (e) DSS 4.
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which is helpful to improve the tensile properties of
the alloy. However, with the increasing content of REM
(0.057wt%), the mechanical properties of DSS 4 alloy
decreased. Recent research conducted in situ tensile tests
on 718H steel with REM content of 0.022wt% to elucidate
the mechanism of crack initiation, propagation, and inclu-
sions shedding [24]. The results showed that when the

matrix undergoes plastic deformation, cracks started to
initiate and aggregate at the ends of the REM inclusions.
Under continuous loading, internal cracks and boundary
cracks were generated in the REM inclusions until they
were finally separated from the matrix. Therefore, the
larger the average diameter of REM inclusions after plastic
deformation, the faster the crack propagation rate, and

Figure 6: Effects of REM on the mechanical properties of the alloys: (a) tensile stress vs strain curves of solid-solution-treated specimens
and (b) Charpy impact energy of solid-solution-treated specimens.

Figure 7: The SEM images of tensile fracture of the alloys: (a) DSS 1, (b) DSS 2, (c) DSS 3, and (d) DSS 4.
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thus a certain degree of strength reduction occurs. The
decrease in the strength of DSS 4 alloy was most likely
due to a significant increase in the average diameter and
number of inclusions, which increases the crack source
and crack propagation rate.

Figure 6b shows the effect of REM addition on the
impact properties of the alloys at room temperature.
DSS 3 has the highest impact toughness. Compared with
DSS 1 alloy, the average impact toughness increases from
99.5 ± 5 to 138.1 ± 4 J. Figure 8 shows the impact fracture

Figure 8: The SEM images of impact fracture of the alloys: (a) DSS 1, (b) DSS 2, (c) DSS 3, and (d) DSS 4. SEM images and its EDS peaks of
(e) DSS 1 and (f) DSS 4.
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and energy spectrum analysis of the samples, all of which
show a ductile fracture. Figure 8a shows the fracture of
DSS 1 with large and shallow dimples and large inclusion
particles at the bottom of the dimples. Energy spectrum
analysis (Figure 8e) shows brittle inclusions such as MnS,
which are easy to become crack initiation points and
reduce the toughness of the material. The number of
dimples on the fracture surface of DSS 3 alloy obviously
increased, and the dimples became deeper. The inclusions
with large size at the bottom of the dimples decreased
obviously. Although there is a large number of dimples
in the fracture surface of DSS 4 alloy, there are dense
aggregations of REM inclusions exist (Figure 8f). It is
widely accepted that the addition of appropriate amounts
of REM can purify the steel, modify irregular inclusions,
and refine the grain, so as to improve the toughness of the
alloy. The form of impact fracture is the interaction of
crack initiation and propagation. The purification of the
steel by REM addition leads to a reduction in the number
of inclusions, which can significantly reduce the source of
cracks. Grain refinement can effectively inhibit the expan-
sion of cracks under impact loading and reduce grain
boundary stress concentration. In addition, the micro/
nanoscale ellipsoidal REM inclusions can effectively
reduce the stress concentration around them. It has
been reported that tiny REM inclusions have a lower
activity than that of most other coarse inclusions during
crack initiation and propagation [37]. The REM inclu-
sions can produce large plastic deformation and con-
sume more energy in the process of impact fracture,
therefore improving the impact toughness. Diffusely dis-
tributed fine spherical REM inclusions can be less prone
to breakage during crack extension and avoid stress
concentration effectively [40]. Meanwhile, another research
reported that with the increasing content of REM, REM
inclusions trapped the harmful elements, such as sulfur,
arsenic, and phosphorus, in high-carbon chromium-
bearing steel, which gradually reduced the segregation
at grain boundaries and purified the grain boundaries.
The addition of REM can enhance the grain boundary
strength and modify the crack extension path, and thus
the transverse and longitudinal impact toughness can
be improved [25]. In addition, several studies have
shown that REM solute segregation at grain boundaries
can increase grain boundary cohesion and improve grain
boundary strength [41,42]. However, when excessive REMs
were added to steel, the growth mechanism of inclusions
changed from precipitation to aggregate growth [25], with
a continuous increase in size and a gradual deterioration

in distribution and morphology. The larger inclusions
formed due to excessive REM addition have different coef-
ficients of thermal expansion from the matrix, as shown in
Figure 8f. The type of inclusion tends to cause stress con-
centration, which significantly increases the number of
crack sources and accelerates crack expansion, leading
to a sharp decrease in the impact toughness of DSS 4
alloy.

3.4 Effect of the REM addition on the
resistance to pitting corrosion

Figure 9 shows the potentiodynamic polarization curves
of the alloys in deaerated 3.5 wt% NaCl solution. The pit-
ting potential (Ep) of DSS 3 alloy (Ep: 1.13 VSCE) is higher
than that of DSS 1 alloy (Ep: 1.02 VSCE). The corrosion
current density (Icorr) of DSS 3 alloy (Icorr: 9.81 × 10−8

A·cm−2) is obviously lower than that of DSS 1 alloy (Icorr:
5.88 × 10−7 A·cm−2). Compared with other alloys, DSS 3
alloy has a lower corrosion current density.

Figure 10 shows the SEM diagrams of the alloys after
overpotential polarization test in deaerated 3.5 wt% NaCl
solution. The pitting corrosion occurs in the bright area in
the picture, and it can be seen that with the addition of
REM, the number of pitting corrosion in the experimental
alloy is less than that in DSS 1 alloy, in which DSS 3 alloy
showed better results.

Figure 9: Potentiodynamic anodic polarization curves of the alloys
after solution treated in deaerated 3.5 wt% NaCl solution.
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3.5 Mechanism of the effect of REM addition
on the resistance to pitting corrosion

Figure 11 shows the SEM images of the inclusions in the
alloys after the overpotential anodic polarization test
in deaerated 3.5 wt% NaCl solution. Non-metallic inclu-
sions, such as Al2O3 and MnS, in DSS 1 alloy were easy to
be formed at the interface between ferrite and austenite,
in which the inclusions have been basically dissolved to
form corrosion pits (Figure 11a). Most of the REM inclu-
sions pitting does not happen, but very few REM inclu-
sions cause pitting corrosion due to the gap between
them and the matrix [34], which can be seen in the DSS
3 alloy (Figure 11b). However, none of the REM inclusions
dissolves, and the corrosion resistance of REM inclusions
seems to be higher than that of the metal matrix.

As for the cause of pitting formation, the theory of
passivation film failure has been recognized by most
scholars. Suter and Böhni [43] found that the region
with the highest electrochemical activity is not the inclu-
sions or metal matrix, but the interface between the
inclusions and metal matrix, which is more likely to
become a sensitive site for pitting corrosion. Related
researches have verified that (Cr, Mn, and Al) oxidation
inclusions and MnS form Cr-depleted zones with low
polarization potential and strong activation [34,44].

Therefore, the areas around such inclusions are most
susceptible to corrosion. Most of the non-metallic inclu-
sions are in sharp angle shape, and the coefficient of
thermal expansion is quite different from that of the metal
matrix, which is easy to form cracks at the interface
[34,45]. It can be directly exposed to the Cl− corrosion
environment, become the origin of pitting corrosion, and
then expand to the inclusions until they are dissolved.
Generally, the addition of REM into an alloy can form
spherical rare earth oxysulfide and rare earth oxyalu-
minum compounds with more negative free energy, which
inhibit the formation of other coarse oxides and sulfur
oxides [18,24,34]. Lu and Ives [36] have found that the
thermodynamically highly stable ceria blocks the cathodic
and anodic reactivity, which weakens the electrochemical
corrosion of the micro-region. The small and dispersed
spherical inclusions are difficult to dissolve, which can
effectively prevent the corrosion of Cl− to the matrix. Since
the thermal expansion coefficient of rare earth oxides is
close to that of the iron matrix, it is not easy to form cracks
during the hot working process [34,40]. The REM inclu-
sions reduce the micro-gap between the matrix and the
inclusions, thereby reducing the possible position of pit-
ting corrosion. In addition, a Cr-rich area is formed around
the REM inclusions, which reduces the Cr-depleted area
formed around non-metallic inclusions such as (Al2O3 and

Figure 10: SEM images of the alloys after potentiostatic polarization test in deaerated 3.5 wt% NaCl solutions: (a) DSS 1, (b) DSS 2, (c) DSS
3, and (d) DSS 4.
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MnS) and improves the pitting corrosion resistance of the
alloy [34]. Moreover, it has been discovered that the size of
inclusions affects the formation of sub-stable pits, in
which ultra-fine size inclusions (less than 1 µm) are diffi-
cult to form steadily growing and expanding pitting pits
[46,47]. The REM inclusionsmarked B in Figure 11b did not
form pitting pits, which is consistent with their findings.
The addition of appropriate amounts of REM can purify the
alloy and refine and modify the coarse and irregular inclu-
sions. The ellipsoidal REM inclusions were likely to cause
weakened electrochemical corrosion in nearby micro-

regions and reduced pitting susceptibility. However,
once an excessive amount of REM was added, the number
of REM inclusions formed increased and the size became
larger (Figures 3d and 8f), which can increase the pitting
susceptibility to a certain extent and decrease the pitting
resistance of the alloy.

Figure 12 shows the optical metallographic photo-
graph of the experimental alloy after the overpotential
anodic polarization test in deaerated 3.5 wt% NaCl solu-
tion. As for the DSS 1 alloy without REM addition, pitting
preferentially and randomly occurs with non-metallic

Figure 11: SEM-EDS analysis of inclusions in the alloys after potentiostatic polarization test in deaerated 3.5 wt% NaCl solutions: (a) DSS 1
and (b) DSS 3.

Figure 12: Optical microstructures of the alloys after potentiostatic polarization test in deaerated 3.5wt% NaCl solutions: (a) DSS 1 and
(b) DSS 3.
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inclusions in the α phase (darker color) and γ phase
(lighter color) (Figure 12a). However, in DSS 3 alloys
with REM, pitting occurs more randomly in the α phase
and extended to the γ phase (Figure 12b). Due to the
higher content of the N element in DSSs, the solubility
of the N element in the γ phase is much higher than that
of the α phase, which significantly increases the PREN
value of the γ phase. Therefore, some scholars [48,49]
have proposed to increase the N content coefficient from
16 to 30 in the DSSs calculation formula. The value of
PREN for γ phase in DSS 1 (PRENγ = 60.3) is much higher
than that of the α phase (PRENα = 49.9). However, since
the stable REM inclusions seem to be less susceptible to
corrosion dissolution, pitting occurs more randomly in the
α phase first.

4 Conclusion

The effects of REMon themicrostructure,mechanical prop-
erties, and corrosion resistance of 27Cr–7Ni–4.5Mo–0.4N
hyper DSSs were studied. The following conclusions have
been drawn:
(1) The addition of REM leads to the formation of large

amounts of micro/nanoscale REM inclusions, resulting
in more non-spontaneously nucleated cores during
solidification. With the increasing content of REM, the
as-cast microstructure of the alloy is continuously
refined. The same pattern occurs in the microstructure
of solution treated state.

(2) The addition of REM in the range of 0.018–0.031 wt%
significantly purifies the steel and reduced the number
of large-size inclusions in the alloy. The average dia-
meter and area fraction of inclusions are significantly
reduced. Inaddition, theadditionofREMcontributes to
modifying irregularMnS andAl2O3 to ellipsoidal REM
inclusions. However, the excessive REM addition
(0.057 wt%) leads to a substantial increase in the
average diameter and area fraction of inclusions, with
a deterioration in both distribution and morphology.

(3) The addition of appropriate amounts of REM has a
significant effect on improving the strength and
impact toughness of the alloy. However, excessive
REM addition causes a significant increase in the
number of large-size inclusions, which deteriorates
the mechanical properties. The REM content should
be controlled in the range of 0.018–0.031 wt% to
obtain better mechanical properties.

(4) An appropriate content of REM can reduce pitting
susceptibility and decrease the corrosion current

density, thereby improving the pitting resistance of
the alloy. The alloy with the REM content of 0.031 wt%
exhibited the best resistance to pitting corrosion.
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