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The sizes and morphologies of nonmetallic inclusions, microhardness, tensile strength, and Charpy impact
toughness in AISI 202 stainless steel with different Ce contents were synthetically analyzed by means of
SEM, TEM, microhardness tester, and tensile and Charpy impact tests. Effects of Ce addition on the
corrosion behavior were investigated in 5 wt.% H,SO, solution for different periods of time through
measuring AC impedance. The EIS measurements indicate that the steels with Ce addition exhibit higher
R, values than those without Ce, which illustrates the relative resistance to uniform corrosion is accom-
panied by an increasing Ce addition. Ce addition to AISI 202 stainless steel improves its uniform corrosion
resistance owing to metamorphic inclusions and the improvement of electrode potential in matrix. Upon
increasing Ce addition, the indentation morphology of samples transfers from sink-in types to pile-up types,
explaining good machinability of steels containing Ce. It is witnessed from the fracture mode that Ce refines
the grain size of steels, significantly increasing the strength; in the meantime, its plasticity is improved,
thereby solving the contradiction between the strength and the plasticity of steels. It is concluded that AISI
202 stainless steel with 0.016 wt.% Ce addition in the mass fraction has the best mechanical properties and

the uniform corrosion resistance.

Keywords AISI 202 stainless steel, Ce, metamorphic inclusions,
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1. Introduction

AISI 202 stainless steel is a kind of austenitic stainless steel
which uses manganese and nitrogen, substituting part of the
nickel (Ref 1), and widely used in consumer products; in recent
years, its use has developed rapidly, even being used for
stampings and structural components of the aeroengine operating
in high temperature. Based on the American Iron and Steel
Institute (AISI) classification, austenitic stainless steel grades are
designated by numbers in the 200-series (Fe-Cr-Ni-Mn-N
stainless steels) and the 300-series (Fe-Cr-Ni stainless steels)
(Ref 2). In several technical branches, the 200-series stainless
steels are successfully applied as a replacement for the 300-series
stainless steels; however, they also have a few disadvantages,
such as higher strain-hardening exponent and poor corrosion
resistance (Ref 3), which leads to some limitations for practical
use. Compared with the 300-series stainless steels,developing the
200-series stainless steels with relatively low cost (Ref 4) is an
important challenge owing to the shortage of nickel resources in
China, which has become an overall goal of Chinese stainless
steel products during 2011-2020.

In contrast to AISI 304 stainless steel, AISI 202 stainless
steel is developed to be an option with 17 wt.% of chromium.
Manganese is added to this steel at 6 wt.% to stabilize the
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Nomenclature

EIS  Electrochemical impedance spectroscopy
JK Standard Swedish Jemkontoret judge picture of size of

inclusions
RE Rare earth
R, Polarization resistance value (Q)
b, Tafel slope of anodic reaction (mV)
b Tafel slope of cathodic reaction(mV)

I.orr  Corrosion current density (Amp/cm)
E..w Corrosion potential (Volts)
Eype Metal electrode potential (Volts)

Ey, Hydrogen electrode potential (Volts)
i(c), ig Exchange current density of anode and cathode (Amp/cm)

E.p+ Hydrogen balance potential (Volts)
My,  Overpotential of hydrogen evolution (Volts)

austenite phase instead of nickel (Ref 5), and nickel is reduced
from 8 to 5 wt.%. Research shows that twice content of
manganese can make up for each unit of nickel content in terms
of forming austenite phase, thereby saving nickel content to
reduce the cost (Ref 6). However, adding manganese is not
conducive to the corrosion resistance of stainless steel because
of the existence of MnS along the grain boundary (Ref 7). In
contrast, AISI 316Laustenitic stainless steel has better corrosion
and oxidation resistance due to higher amounts of chromium
and nickel (Ref 8). However, poor anticorrosion performance
has severely impeded and limited its extensive application, and
hence, development of AISI 202 stainless steel, by adding Ce to
improve its corrosion resistance has been proposed elsewhere
(Ref 9, 10). With strong chemical activities and rather large
atomic radius, Ce can react easily with many elements such as
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H, O, N, S, Si, etc., and can also play a favorable role in steels
(Ref 11), when employed, by protecting steels and other
metallic alloys against corrosion (Ref 12).

Many studies have indicated that chromium compounds in
the rust layer of Cr-containing weathering steels partly replace
iron species in the corrosion products to produce a more
protective rust layer. The enrichment of chromium in the rust
layer acts as a barrier to corrosion (Ref 13). In 5 wt.% H,SO4
solution, very small cathode and anode of corrosion cell are in
uncertain positions (Ref 14). Hence, the whole surface is in the
active state, and the energy on the surface goes up and down
everywhere, which leads to the uniform corrosion (Ref 15).
Trace RE can enhance the stability of the passive film, thereby
improving the corrosion resistance of steel (Ref 16).

In conventional steels, the fracture toughness generally
decreases as the yield strength increases. Conversely, the fracture
toughness will be high when the yield strength is low. This means
that a combination of high strength and high fracture toughness
cannot easily be obtained in most conventional steels (Ref 17).
Scholars have performed a great deal of research work to find a
method through microalloying, thereby attaining high strength
and fracture toughness. It was found that addition of the rare earth
elements into the steel was a kind of microalloying method.

Some scholars had shown that the modification process with
RE was an important method that is used to improve the
structures and properties of ferrous alloys (Ref 18). Wang et al.
(Ref 19) found that the segregation of rare earth elements along
the grain boundary was helpful in improving the strength of a
low expansion superalloy. Hao et al. (Ref 20) suggested that the
rare earth elements refined the ferrite grain size in their studies
on medium carbon steel. Li et al. (Ref 21) proposed the rare
earth elements segregate at the grain boundary, improv

ing the mechanical properties and the oxidation resistance of
Ni-16Mo-7Cr-4Fe alloy.

At present, most of the researches on the corrosion of
stainless steel have focused mostly on rust layer. However, no
systematic studies have yet been presented, investigating the
effects of Ce addition on nonmetallic inclusions and the
mechanism of uniform corrosion, especially for AISI 202
stainless steel; effects of Ce on mechanical properties and
strain-hardening exponent are rarely mentioned, and the
optimal Ce addition has not been studied in detail.

In the present investigation, the sizes and morphologies of
nonmetallic inclusions in AISI 202 stainless steel were studied using
transmission electron microscopy-energy dispersive x-ray spec-
troscopy (TEM-EDS), and scanning electron microscopy-energy
dispersive x-ray spectroscopy (SEM-EDS), respectively. The
effects of rare earth Ce on the microstructures and mechanical
properties of stainless steel were evaluated using Axiovert 25
(ZEISS) microscope and transmission electron microscopy. The
microhardness of AISI 202 stainless steel was tested using Japanese
FM-700 microhardness tester. The influence of Ce on uniform

Table 1 Compositions of experimental steel (wt.%)

corrosion resistance of AISI 202 stainless steel in 5 wt.% H,SO4
solution was studied using potentiodynamic and potentiostatic tests.

2. Experimental Procedure

2.1 Materials

In the present study, five types of AISI 202 stainless steels
were manufactured in a high-frequency vacuum induction
furnace. The forging temperatures of the experimental steels
ranged from 1200 to 950 °C, and these ingots were forged from
®80 mm to 25 mm x 25 mm after they were smelted. The
chemical compositions of steels are presented in Table 1.

2.2 Nonmetallic Inclusions and Microstructure Studies

The nonmetallic inclusions in AISI 202 stainless steel was
studied using transmission electron microscopy-energy disper-
sive x-ray spectroscopy (TEM-EDS), and scanning electron
microscopy-energy dispersive x-ray spectroscopy (SEM-EDS).
The microhardness of AISI 202 stainless steel was tested using
Japanese FM-700 microhardness tester. The tensile fracture and
impact fracture surfaces of the as-repaired samples were
observed using scanning electron microscope (SEM).

2.3 Mechanical Properties Characterization

Tensile tests were performed at room temperature with strain
rate of 5x 107 s~ '. The transverse yield strength, ultimate
tensile strength (UTS), and elongation were measured. The
Charpy testing was conducted at room temperature, employing
sub-size (5 mm x 10 mm x 55 mm) samples with a 2-mm-
deep Charpy V-notch.

2.4 Corrosion Tests

Figure 1 presents the three-electrode test system of electro-
chemical experiment. Experimental steels were processed to
produce horizontal standard specimens with the dimensions of
10 mmx 10 mmx 5 mm using wire-cutting machine after the
heat treatment. A copper wire was welded to one of its
experimental non-working surface, and they were polished
before washing with anhydrous ethanol, with the samples having
an exposed area of 1 cm® acting as the working electrodes.
Electrochemical impedance spectroscopy (EIS) measurements
and potentiostatic tests were performed to examine the tendency
of passivation (Ref 22). The EIS measurements were made using
two electrodes: the reference and counter electrodes were short-
circuited and connected to a graphite bar, while the working
electrode was connected to the steel (Ref 23).

Effects of Ce addition on the corrosion resistance of AISI
202 stainless steel were investigated in 5 wt.% H,SO, solution;
the steel samples were soaked for 1, 5, 15, 30, and 45 days,

Sample C N Mn S Cr Ni Ce

A 0.071 0.115 6.014 0.0048 0.0061 17.4 5.05 0

Al 0.073 0.126 6.019 0.0046 0.0058 17.2 5.04 0.005
A2 0.071 0.118 6.015 0.0043 0.0057 173 5.02 0.011
A3 0.072 0.124 6.013 0.0042 0.0055 17.1 5.03 0.016
A4 0.074 0.119 6.015 0.0042 0.0054 17.2 5.04 0.022
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respectively, by means of Solartron company’s 1280B electro-
chemical station, with its potential amplitude of excitation
signal being set to 10 Mv and its frequency range to 2 x 10* to
2 x 107" Hz. A potentiodynamic anodic polarization technique
was carried out at room temperature.

3. Results and Analysis

3.1 Effects of Ce Addition on Nonmetallic Inclusions

Table 2 shows the grades of nonmetallic inclusions in the
experimental steels evaluated using Zeiss optical microscope
according to JK standard. With the increasing Ce content in
steel, the size and quantity of nonmetallic inclusions became
finer and fewer; at the same time, inclusions of coarse section
gradually decreased. Compared with sample A3, there were a
large number of nonmetallic inclusions in sample A4 growing
together due to the high adsorption of Ce (Ref 24), which could
affect properties of AISI 202 stainless steel.

Figure 2 presents the morphology of inclusions in AISI 202
stainless steel and x-ray EDS analysis. About 22-pum-long strip
MnS inclusion existed in sample A without Ce which contained
mostly Mn, S, Cr, and O elements, as shown in Fig. 2(a). As
presented in Fig. 2(b), there were some irregular angular
inclusions containing O, Al, Fe, S, Mn, and Ce elements. The
analysis of energy spectrum indicated that Ce multiphase
inclusion contained MnS, CeAlO3, CeS, and Ce,0,S inclusions
with a deep depression where the corrosion was formed.

As shown in Fig. 2(c), because of the high adsorption of Ce,
some fine and globular inclusions (0.3 to 0.5 um) gathered around

computer potentiostat
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Fig. 1 Three-electrode test system

grain boundaries to form Ce multiphase inclusion size of which was
less than 2 pm, transferring the inclusions from the grain boundary
to the grain inner. As shown in Fig. 2(d), some stripe inclusions
disappeared, and local slight corrosions occurred around the steel
matrix. The edge of inclusion in sample A4 along the grain
boundary became smoother, and a deep corrosion pit occurred
around the inclusion, as shown in Fig. 2(e). Some second-phase
particles containing Ce with brittleness and poor corrosion
resistance were distributed along grain boundaries owing to the
excessive Ce content in the steel, more than its solid solubility,
which was not conducive to improve its corrosion resistance.

Before adding Ce to the steel, oxygen in the molten steel
occurs in a dissolved state or in Al,Os;. When Ce is added to the
steel, multiphase inclusions containing CeAlO; are transferred
from the grain boundary to the grain inner, making a large number
of small globular inclusions gather around it, which changes the
distribution of inclusions in steel, to a certain extent, purifying the
steels and improving the corrosion resistance of steels.

Figure 3 presents TEM image of inclusions in AISI 202
stainless steel. A fine multiphase inclusion containing CeAlO;
and Ce,0,S inclusions adsorbed another inclusion to form a
larger multiphase inclusion (1 pm), which was consistent with
the SEM observation, as shown in Fig. 3(a). Two different
multiphase inclusions attracted each other and combined
closely, and it is difficult to distinguish between their original
interfaces, as shown in Fig. 3(b).

The nucleation process is as follows. First, owing to strong
adsorption capacity, Ce atoms with strong activity can contin-
uously spread around oxygen and sulfide inclusions of high
melting point, continuing to adsorb other impurity elements in
steel owing to the difference of chemistry potential. The sizes
of the inclusions are associated with accumulation quantity of
Ce oxide. With the increasing Ce content, more active Ce and
some impurity elements cluster together. However, the aggre-
gation of inclusions does not have a great influence on the size
of inclusions (Ref 25), and they still belong to the fine-sized
inclusions due to trace amounts of Ce.

Research demonstrates most of the Ce particles on the grain
boundaries (Ref 26) exist in inclusions. The reaction equations
are described as follows.

Z[CC} + Al,O3 (S) = Z[Al] + C6203(S), (Eq 1)
[Ce] + ALLO3(S) = CeyAlO3(S) + [Al], (Eq 2)
[Ce] + MnS = CeS(S)+([Mn]. (Eq 3)

The relevant studies indicate that Ce,O,S is more likely to
occur with the addition of Ce. The standard formation of free
energy of inclusions is calculated as follows (Ref 27).

Table 2 Grades of nonmetallic inclusions in AISI 202 stainless steel

A Level, MnS

B Level, AL,O3

Coarse Thin Maximum Coarse Thin Maximum Content of
Sample department department size, pm department department size, pm inclusions, %
A 3.5 0.5 194 3 1.5 11.6 0.827
Al 1.5 2.5 16.2 2.5 2 10.9 0.745
A2 1 4 15.3 2 2.5 9.3 0.416
A3 0.5 4.5 8.4 0.165
A4 1.5 3 9.8 0.309
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Fig. 2 Morphology of inclusions in AISI 202 stainless steel and x-ray EDS analysis: (a) Sample A without Ce addition; (b) Sample Al with
0.005 wt.% Ce addition; (c) Sample A2 with 0.011 wt.% Ce addition; (d) Sample A3 with 0.016 wt.% Ce addition; (¢) Sample A4 with
0.022 wt.% Ce addition

3992—Volume 24(10) October 2015 Journal of Materials Engineering and Performance



(d)

Fig. 2 continued

AG’= — 714380 + 179.74T,

C6203 (S) - Z[Ce] + 3[0]

(Eq 4)
Ce,0,S (S) = 2[Ce] 4 2[0] + [$]
AG’= — 675700 (Ea5)
= +165.50 T,
Ce, 03 (S) + [S] = Cey 0,8 (S) + [O] (Eq 6)

AG®= 38680 — 14.24T,

AG=AG’+RTInJ ay=1.093%x107> a, = 4.416x 1073
=38680 — 14.24T +RT(ay/as)

= —9735]/mol<0 (Eq7)

Ce,05 is transformed into Ce,0,S according to the relevant
chemical reactions.
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According to the reaction’s free energy and the thermodynamic
conditions of Ce inclusions, Ce,O,S is close to the most stable
inclusion. When Ce is added to the steel, the main inclusions are
Ce,0,S, steadily controlling the morphology of sulfide.

When adding a small amount of Ce, thick and short MnS
inclusions can be observed in AISI 202 stainless steel; with the
Ce content increasing continuously, some finer globular CeS
and Ce,O0,S multiphase inclusions containing Ce cluster
together gradually instead of MnS inclusions, thereby purifying
the steel. When the Ce content is increased to more than
0.011 wt.%, long-strip MnS inclusions disappear completely.

In most cases, the distribution characteristic of inclusions is
more dangerous than the total amount of inclusions in steel
(Ref 28). Under the same conditions, the corrosion potential
value of MnS is the minimum, and easy to corrode as the
origin; by contrast, Ce,O,S is better than MnS in terms of the
corrosion resistance, which improves the corrosion resistance
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Fig. 3 TEM image of inclusions in AISI 202 stainless steel: (a) Sample Al with 0.005 wt.% Ce addition and (b) Sample A3 with 0.016 wt.%

Ce addition

of steels. The deformation energy in the grain interior is much
larger than that in the grain boundary because the radius of Ce
atom is about 50% larger than that of iron atom. Ce can first
cluster on the grain boundary via diffusion mechanism, transfer
finer metamorphic inclusions from the grain boundary into the
intragranular region, decrease the damage to the steel matrix,
and strengthen the grain boundary, thereby improving corrosion
resistance of steels. Grain boundary is a sensitive position as
pitting due to the segregation of impurity elements. Ce can
purify grain boundaries and reduce impurity segregation,
thereby preventing the occurrence of the corrosion.

The appropriate amount of Ce can effectively influence
inclusions in many ways, such as changing their quantity, size,
nature, shape, and distribution, thus improving the alloy’s
corrosion resistance and mechanical properties. Ce addition to
the alloy can modify inclusions to attain nearly spherical shape
and decrease the microcrevice between the steel matrix and the
inclusion. In addition, as a cathode inclusion, multiphase
inclusions containing Ce can cause metal-anode passivation,
and enhance the penetrating power of corrosion medium to
hinder the corrosion process.

When W ([Ce]) < 0.011 wt.%, sulfide inclusions are con-
trolled, and the cluster of MnS, CeAlOs, CeS, and Ce,0,S
multiphase inclusions appears in steel. When 0.011 wt.% < W

3994—Volume 24(10) October 2015

([Ce]) < 0.016 wt.%, the spherical-shaped multiphase inclu-
sions containing CeAlO; and Ce,O,S can be obtained, but, at
the same time, CeS and MnS inclusions do not appear in steel.
When W ([Ce]) > 0.016 wt.%, some second-phase particles
containing Ce with brittleness and poor corrosion resistance
appear in steel, which is not conducive to improving the
corrosion resistance and the mechanical properties of steels.

3.2 Effects of Ge Addition on Microstructure and
Microhardness

Figure 4 presents the microstructures of AISI 202 stainless
steel. The microstructures of all steels composed of austenite
and a small amount of ferrite were observed using Axiovert 25
(ZEISS) microscope. With the increasing Ce content, the grain
sizes of AISI 202 stainless steels continuously were refined,
and their grain shapes were changed from the long strip into
elliptic-spherical shape.

As the heterogeneous nuclei concentrated on a liquid-solid
two-phase interface, high melting point compounds which Ce
formed can increase the nucleation rate. Although Ce can be
completely dissolved in the liquid phase, its solubility in the
solid phase is small because of its small equilibrium partition
coefficient value. Once solidified, Ce concentrates on liquid

Journal of Materials Engineering and Performance



Fig. 4 Microstructures of AISI 202 stainless steel: (a) Sample A without Ce addition; (b) Sample A1 with 0.005 wt.% Ce addition; (c)

phase under crystallization, hindering the solid phase from
getting the corresponding atoms from the liquid phase;
consequently, the growth of grains was prevented, and the
grains became finer. In addition, Ce with the surface activity
can make the surface tension of steels decrease, which leads to
the decrease of nucleation energy, thereby increasing the
nucleation rate.

The Vickers hardness values of the five samples of AISI 202
stainless steels were measured as 202, 209, 220, 228, and
222 HV, respectively. The results indicate that the Vickers

Journal of Materials Engineering and Performance

hardness values of steels increase with the increasing Ce
content. When Ce content surpasses the optimized value, a
large number of second-phase particles containing Ce result in
the decreased values of the microhardness of steels.

When Vickers hardness was tested on materials, the sur-
face contact of pressure head mainly had two kinds of defor-
mation (pile-up or sink-in), as shown in Fig. 5.

A distinctive feature of indentation experiments is that the
material around the contact area tends to deform upward or
downward. This behavior results in piling-up or sinking-in of

Volume 24(10) October 2015—3995



Fig. 5 Schematic of pile-up and sink-in types of material deforma-
tion around the Vickers indenter: (a) sink-in and (b) pile-up (Ref 29)

sink-in

.

(a)

pile-up

(c)

pile-up —»

(e)

material at the contact boundary. Compared with the sink-in
deformation, the pile-up deformation presents a lower strain-
hardening exponent.

This surface deformation around the indent is also related to
the movement of dislocations. When the dislocations move
near the grain boundaries refined by Ce, the finer metal grains
produce huge barriers, causing the release of the plastic
deformation energy. Moreover, the dislocation piling-up occurs
at grain boundaries caused by the pinning effect of Ce, thereby
affecting its deformation behavior. As a surface-active element,
in the process of crystallization, Ce atoms along the grain
boundary can lower the nucleation energy and promote the
spontaneous nucleation during the solidification, and as a result,
the grains are refined. Consequently, Ce can not only improve
the strength, but can also increase the plasticity of steels,
thereby resolving the contradiction between the strength and
plasticity.

Figure 6 depicts the microhardness indentation morphologies
of AISI 202 stainless steel. The microhardness indentation mor-
phologies of samples A and Al with higher strain-hardening
exponents presented the sink-in deformation, as shown in
Fig. 6(a) and (b). Clearly, the microhardness indentation

sink-in

(b)

pile-up/'

(d)

Fig. 6 Microhardness indentation morphologies of AISI 202 stainless steel: (a) Sample A without Ce addition; (b) Sample Al with 0.005 wt.%
Ce addition; (c) Sample A2 with 0.011 wt.% Ce addition; (d) Sample A3 with 0.016 wt.% Ce addition;(e) Sample A4 with 0.022 wt.% Ce addition

3996—Volume 24(10) October 2015

Journal of Materials Engineering and Performance



morphologies of samples A2, A3, and A4 with lower strain-
hardening exponents showed the pile-up deformation, which
meant that their brittleness was lower than those of samples A
and Al, illustrating that they had better formability. Upon
increasing Ce addition, the indentation morphology of samples
transferred from sink-in types to pile-up types, which illustrated
that the samples containing Ce had good machinability.

As is well known, after cold working, the strain-hardening
exponent of AISI 202 stainless steel rises sharply (n > 15),
resulting in the processing difficulties. The segregation of Ce
atoms along the grain boundary is helpful in improving
interaction with other elements, thereby affecting nucleation
and development of new phases, eventually changing the
microstructure and properties of steel. A moderate amount of
Ce can strengthen the grain boundary and hinder propagation
of intergranular cracks, improving the formability, and the
brittleness at room temperature.

3.3 Tensile Test

Figure 7 presents the tensile curve of AISI 202 stainless steels
at room temperature. It fully confirms that the tensile strength of
sample A without Ce was far lower than that of others.

The values of tensile strength, yield strength, elongation, the
reduction of area, and yield ratio are presented in Table 3.
Clearly with the increasing Ce content, their yield ratios
decreased. In contrast to sample A3, the yield ratio of sample
A4 showed a significant reduction, which meant that the
reliability of the steel decreased.

As shown in Table 3, after adding Ce, the tensile strength
and the yield strength of steels were improved substantially.
Compared with sample A, the elongations of other samples
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Fig. 7 Tensile curves of AISI 202 stainless steels at room tempera-
ture

increased by 3.2, 5.48, and 6.45%, respectively. Obviously,
their reductions in areas were also accompanied by increases of
4.5, 6.38, and 12.5% respectively; in contrast, the one of
sample A4 declined slightly. For AISI 202 stainless steels
added with Ce, their tensile strengths and yield strengths had a
marked improvement, and the values of elongation and the
reduction of area were the greatest when 0.016 wt.% Ce was
added into the steel, indicating that sample A3 had the best
processing performance.

Tensile test results illustrate that sample A without Ce has a
minimum strength and less plasticity, and a reasonably
moderate amount of Ce not only plays an important role in
improving the strength, but also in effectively improving the
plasticity, and thus results in improving the formability of
steels. Ce can effectively modify inclusions: change irregular
shape into spherical one and make them finer, and then reduce
the source of cracks, which not only increases the strength, but
also effectively improves the plasticity. When the appropriate
amount of Ce is added into the steel, the sulfides are dispersed
as small spherical particles into steel, improving the state of
grain boundary to be further purified and strengthened, which
leads to the improvement of mechanical properties.

A series of strength indexes resisting plastic deformation
ability of metal material are determined by the material’s
resistance to the dislocation motion. The mutual motion of a
certain amount of solute atoms and dislocations can strongly
influence the strength of materials, especially for alloying
elements having the lower solubility. Ce in solid-solution exists
in the defects of grain boundaries or dislocation; thus, in plastic
deformation process of steels, the increases in the resistance of
grain boundaries and dislocation motion result in improving the
strength and the microhardness.

As shown in Fig. 8 and 9, judging from SEM morphologies
of tensile fractures, the macro-fractographic appearance of
sample A with a large cavity band and large-scale deformation
band was coarser, and its whole fracture belonged to the typical
intergranular fracture mode. Some intergranular secondary
cracks appeared on the fracture, which meant the existence of
impurity elements in grain boundaries. The grain boundary
strength was reduced, and the samples attained easy-to-fracture
tendency to form the extension of cracks along the grain
boundary and result in the intergranular fracture. The fracture of
sample A1 with tiny and uniform dimples was transformed from
the manner of intergranular brittle fracture to the manner of
intergranular brittle fracture with dimple gliding fracture. The
fracture morphology of sample A2 on a macroscopic scale was
cup shaped and had features of ductile fracture on the
microscopic scale. It was observed that the fiber zone in sample
A2 showed fracture with multiple large-sized equiaxed dimples.
There were fiber zone and shear lip zone in sample A3 instead of
radial zone, and the equiaxed dimples of the fracture became
larger and shallower. With regard to sample A4, there were some

Table 3 Tensile results of AISI 202 stainless steel at room temperature

Simple Tensile strength, MPa Yield strength, MPa Elongation, % Reduction of area, % Yield ratio
A 1090 996 62.1 48.9 0.914
Al 1170 1011 64.0 51.1 0.864
A2 1230 1052 65.4 52.3 0.855
A3 1300 1108 66.2 55.2 0.852
A4 1070 974 64.3 51.5 0.910
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Fig. 8 Macrofractographic appearance of AISI 202 stainless steel from tensile test: (a) Sample A without Ce addition; (b) Sample Al with
0.005 wt.% Ce addition; (c) Sample A2 with 0.011 wt.% Ce addition; (d) Sample A3 with 0.016 wt.% Ce addition; (¢) Sample A4 with

0.022 wt.% Ce addition

tiny spherical inclusions with dimples at the bottom of fracture.
These inclusions correspond to CeAlO3 and Ce,O,S multiphase
inclusions according to the energy spectrum (Fig. 10), occurring
due to the excessive Ce content in steel.

3998—Volume 24(10) October 2015

Very large strips of MnS and Al,0; nonmetallic inclusions
exist in sample A without Ce, forming pores and microcracks
on the fracture surface, and hence, its tensile property was not
very ideally favorable. Further, after adding Ce, the effects of
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Fig. 9 SEM micrographs of tensile fractures: (a) Sample A without Ce addition;(b) Sample Al with 0.005 wt.% Ce addition; (c) Sample A2
with 0.011 wt.% Ce addition; (d) Sample A3 with 0.016 wt.% Ce addition; (e) Sample A4 with 0.022 wt.% Ce addition

Ce on purifying grain boundary, inclusions removal, and
modifying inclusions, made the equiaxed dimples become
larger and deeper on the fracture; as a result, the tensile
properties of steels were significantly improved. However,
sample A4 with excessive Ce produced a large number of
second-phase inclusions. They occurred in a large number of
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equiaxed dimples, which was not conducive to improve the
mechanical properties of steels.

The fracture mode of AISI 202 stainless steel added with Ce
belongs to ductile fracture originating from the inclusion/matrix
interface. The appropriate content of Ce added into the steels
can delay the initiation and rupture of cracks, forming large and
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Fig. 11 Relationship between Ce content and impact toughness

deep equiaxed dimples, which makes the plasticity in the
fracture improve significantly, thereby effectively improving
the mechanical properties of steel. In addition, when the

4000—Volume 24(10) October 2015

dislocations move near the grain boundary refined by Ce, the
finer metal grains produce huge barriers, improving the
strengthening effect of AISI 202 stainless steel.

3.4 Impact Toughness

Figure 11 presents the relationship between Ce content and
impact toughness. Compared with sample A, the 4, values of
other steels added with an appropriate amount of Ce increased
by 62.1, 49.5, and 22.3%, respectively. Therefore, the impact
toughness of steels was improved upon increasing the Ce
content. In contrast to sample A3, the impact toughness of
sample A4 decreased by nearly half.

The solid-solution of Ce in grains can not only increase
diffusion activation energy of crystal interfaces, but also
improve the moving resistance of grain boundary and disloca-
tions, which leads to the improvement of impact toughness (Ref
30). In addition, Ce refines the sizes of grains. Grain refinement
can improve the strength as well as the toughness; thus, the
impact toughness of the steel is improved. After Ce concen-
tration surpasses the optimal value in steel, the Ce-contained
inclusions with a high melting point grow up into large-sized
brittle second-phase particles with a low melting point,
precipitating along the grain boundaries, which will cause hot
brittleness of the steel.

As shown in Fig. 12, when observing the impact fracture of
AISI 202 stainless steel, sample A without Ce had an irregular
macrofracture where the radial zone accompanied by several
significant cracks appeared. These extending cracks were
interconnected under the influence of outside force. No sign of
plastic deformation could be observed on the fracture surface;
rod-like nonmetallic inclusions composed of MnS and Al,O3
existed in the fracture, and very easy to lead to the brittle fracture.
The macrofractographic appearance of sample Al basically
presented the characteristics of dimple fracture. Its impact
fracture featured a transgranular quasi-cleavage consisting of
clear tearing ridges and tiny quasi-cleavage planes, and its shear
lip area had a few uneven shallow dimples. As shown in Fig. 13,
the whole fracture of sample A2 featured the mode of the dimple
fracture. Its surface cracks were in the form of porous aggregates
extending from the section near the center to the outer side, and
some large-sized equiaxed dimples existed in the fracture. A
typical dimple fracture mode occurred on the macrofracture of the
sample A3 where its equiaxed dimples became larger and deeper.
As shown in Fig. 14, with regard to the fracture of sample A4,
there were some small second-phase particles less than 5 pm in
size at the center of dimples, which indicated Ce could make
inclusions smaller and finer in matrix. However, the excessive Ce
existed in sample A4; consequently, the plasticity of fracture
decreased significantly.

After the addition of the appropriate amount of rare earth
Ce, in the plane perpendicular to the stress, the rate at which
micropores grow in all directions is equal. The distribution of
stress on the entire fracture is thus uniform, which is helpful in
the formation of uniform equiaxed dimples. The cracks often
occur in the weakness of grains such as the precipitates,
inclusions/matrix  interface, grain boundary positions,
etc., however, a proper amount of Ce effectively prevents
cracks from propagating. The higher impact energy can be
obtained when the fracture surface has larger fraction of shear
lips and fiber region with bigger and more homogeneous
dimples. With regard to the fracture of steels with Ce, the large
fiber region presents larger and uniform equiaxed dimples, and
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Fig. 12 Macrofractographic appearance of AISI 202 stainless steel from impact test: (a) Sample A without Ce addition; (b) Sample Al with
0.005 wt.% Ce addition; (c) Sample A2 with 0.011 wt.% Ce addition; (d) Sample A3 with 0.016 wt.% Ce addition; (e) Sample A4 with
0.022 wt.% Ce addition

the transition of fracture morphology occurs from intergranular As a surface-active element, in the process of crystalliza-
fracture to transgranular fracture, thereby effectively improving tion, Ce atoms along the grain boundary decrease the
the impact toughness of steels. nucleation energy during the solidification, increase the
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Fig. 13 SEM micrographs of impact fractures: (a) Sample A without Ce addition; (b) Sample Al with 0.005 wt.% Ce addition; (c) Sample A2
with 0.011 wt.% Ce addition; (d) Sample A3 with 0.016 wt.% Ce addition; (e) Sample A4 with 0.022 wt.% Ce addition

nucleation rate, promote the spontaneous nucleation, and the
grains become refined. Consequently, the refinement of grains
significantly increases the strength; in the meantime, its
plasticity is improved, resolving the contradiction between the
strength and plasticity of steels. However, the excessive Ce
can produce some brittle second-phase particles containing
Ce, destroying the continuity of the matrix, and then the lattice

4002—Volume 24(10) October 2015

distortion occurs in the second-phase particles or around the
matrix, thereby affecting its fracture behavior. In contrast, the
intensity of second-phase particles is higher than that of the
matrix, so the lattice distortion is mainly focused on the matrix
around the second-phase particles, thereby forming the high-
energy region, which leads to a decline in its mechanical
properties.
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Fig. 14 Inclusions on the impact fracture: (a) Sample A without Ce addition and (b) Sample A4 with 0.022 wt.% Ce addition

Table 4 Weight loss rates at different immersion times
(gmm?*/days)

Immersion time, days

Sample 15d 30 days 45 days
A 235 63.5 128
Al 88.3 429 115
A2 59.8 28.6 31.4
A3 223 17.3 25.2
A4 46.7 25.7 78.5

3.5 Corrosion Behavior in 5 wt.% H,S0, Solution

Effects of Ce addition on corrosion behavior were studied in
5 wt.% H,SO, solution, and the times of cycle immersion test
were 15, 30, and 45 days, respectively. The weight loss rates of
experimental steels are presented in Table 4.

Journal of Materials Engineering and Performance

As presented in Table 4, the corrosion rate of sample A was
greater than that of others. In contrast, sample A3 was corroded
at the minimum rate. Owing to the faster rate of corrosion on
the matrix surface in the initial stage, Ce added into steel
delayed the uniform corrosion rate of AISI 202 stainless steel.
The corrosion rates of all steels were lower on day 30 because
the corrosion products constantly deposited on the matrix
surface with time, and the generation of rust layer thickening
further improved the corrosion resistance. The corrosion rate
rose again on day 45 when the binding force close to the rust
layer gradually reduced to a certain degree. The outermost rust
layer was out of the whole rust layer, thereby reducing the rust
layer thickness. However, the protective rust layer falling off
increased the corrosion rate of steel. With the increasing Ce
content, the protective rust layer enhanced uniform corrosion
resistance and reduced the corrosion rate of AISI 202 stainless
steel.

Figure 15 presents EIS values of AISI 202 stainless steel in
5 wt.% H,SO, solution with different immersion times. In
5 wt.% H,SO, solution, the uniform corrosion occurred on the
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Fig. 15 EIS of AISI 202 stainless steel in 5 wt.% H,SO, solution with different immersion times: (a) for 1 day; (b) for 5 days; (c) for 15 days;
(d) for 30 days; (e) for 45 days

Table S Tafel results on day 1

Sample B,, mV B., mV 1oy Amp/cm E orp Volts R, Q
A 83.812 75.12 56116 x 1073 —0.41003 4.6487
Al 94.919 87.819 7.9742 x 107* —0.38469 32.71
A2 117.69 99.604 5.8152x 1074 —0.37394 44.86
A3 124.52 116.95 1.6956 x 1074 —0.31937 101.59
Ad 121.32 108.43 2.1288 x 1074 —0.35618 72.53
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Table 6 Tafel results on day 15

Sample B,, mV B, mV 1oy Amp/cm E o Volts R, Q
A 117.69 108.43 2.8329x 1073 —0.38893 9.2087
Al 129.79 122.14 40511 x107* —0.37726 142.73
A2 134.11 130.81 3.9324x 1074 —0.34817 145.55
A3 156.22 150.97 7.2352 x 1073 —0.31026 365.56
A4 141.69 141.66 7.5342 x 1073 —0.34151 346.25
Table 7 Tafel results on day 45

Sample B,, mV B., mV I.ory Amp/cm E o Volts R,, Qs
A 97.36 78.19 32769 x 1073 —0.43036 7.9632
Al 111.86 101.57 82327 x 107* —0.40324 17.56
A2 125.23 107.28 6.2915x 107 —0.38729 23.42
A3 136.21 128.53 53264 x 1074 —0.35794 59.39
A4 122.71 113.57 7.8571 x 107* —0.39628 31.68

stainless steel surface (Ref 31). It was clear that the capacitance
loops of all steels were complete, but their radii were different.
AC impedance of sample A without Ce had the smallest radius
of the capacitance loop, corresponding to the smaller polariza-
tion resistance (R),) value, which meant at the faster corrosion
rate, the uniform corrosion of AISI 202 stainless steel without
Ce was severely affected in 5 wt.% H,SO, solution.

The radius of capacitance loop of sample A was much
smaller than that of others on day 1. All radii of capacitance
loops were accompanied by an increasing Ce content. To
sample A4, its radius of the capacitance loop was smaller than
that of sample A3, which illustrated the excessive Ce was not
conducive to improve the uniform corrosion resistance of AISI
202 stainless steel. With the increasing time, with respect to
other samples, their radii of capacitance loops increased
initially, and then reduced; however, the one of sample A
remained at the minimum value.

Corrosion products were formed in nonmetallic inclusions
(Ref 32). When the diffusion velocity was more than the
deposition rate, most of the corroded products were diffused on
the surface of steel, and thus reduced its potential (Ref 33). The
diffusion velocity of corrosion products had a sharp slowdown
because the corrosion products were deposited continuously to
form a good adhesion rust layer delaying the corrosion rate on
day 15.

Up to 30 days, all radii of capacitance loops decreased
gradually; in the meantime, the porous outer rust layer was
formed out of the protective rust layer; as a result, the thickness
of protective rust layer decreased. The decrease of R, values
significantly increased electrochemical reaction rate, which led
to the formation of uniform corrosion and a huge loss of
quality. By contrast, to sample A3 with 0.016 wt.% Ce
addition, its radius of the capacitance loop did not decrease
significantly.

A moderate amount of Ce can enhance the adhesion
between the rust layer and the steel matrix, which results in
the generation of dense rusty layer (Ref 34), thereby greatly
improving the uniform corrosion resistance of AISI 202
stainless steel. The uniform corrosion in 5 wt.% H,SO,
solution presents very small cathodic and anodic area of
corrosion battery, and the location of the cathode and anode is
constantly changing (Ref 35). The whole surface of steels is in
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the active state, only various points have a large energy
fluctuation with time. The anode is in high energy and the
cathode is in low energy (Ref 36), consequently, the uniform
corrosion appears on the entire surface of the stainless steel.
From the micro perspective, numerous micro cells form on the
surface of matrix, the reaction equations are described as
follows:

M — M™ + ne (micro anode) (Eq 8)

(Eq9)

When the metal is corroded in non-oxidative acid solutions
without dissolved oxygen, the compact passive film does not
exist on its surface, which generally belongs to the control
system under activated control. At this point, the only
depolarizer is H' ions in solution, and the cathodic and anodic
reactions are controlled by activation polarization.

In the Table 5, b, and b. show the Tafel slopes of the anodic
reaction and cathodic reaction, respectively.

Tables 5, 6, 7 present Tafel results of AISI 202 stainless
steel in 5 wt.% H,SO4 solution. With respect to sample A4, R,
values increased gradually upon increasing the Ce content, and
their corrosion resistance became better and better. Obviously,
R, value of sample A4 was less than that of sample A3, which
indicated that the excessive Ce decreased the uniform corrosion
resistance of AISI 202 stainless steel.

R, presents the value of the polarization resistance. The
greater R,, value means the migration of charges is difficult, and
the uniform corrosion does not occur easily. The corrosion
potential (E.,,) becomes larger, and the corrosion current
density (i.or;) decreases as the Tafel slope’s b, and b, values of
steel gradually increase, which leads to the better corrosion
resistance of steel.

As shown in Tables 5, 6, 7, both the Tafel slope’s b, and b,
values of sample A without Ce were minimum, and it was most
likely to be corroded. Compared with other steels, both the
Tafel slope’s b, and b, values of sample A3 were maximum;
obviously, this sample had the best uniform corrosion resis-
tance. However, the i, value of sample A4 was significantly
higher than that of sample A3, which meant excessive amount
of Ce caused the uniform corrosion resistance of the steel to
decrease.

2HT 4+ 2e — H, (micro cathode)

Volume 24(10) October 2015—4005



Fig. 16 SEM morphology of AISI 202 stainless steel after 45 days: (a) Sample A without Ce addition; (b) Sample Al with 0.005 wt.% Ce
addition; (c) Sample A2 with 0.011 wt.% Ce addition; (d) Sample A3 with 0.016 wt.% Ce addition; (¢) Sample A4 with 0.022 wt.% Ce addition

Because the whole metal surface is in active state in 5 wt.%
H,S0O, solution, only various points have a large energy fluctu-
ation over time, so it can not form the complete passive film and
passivation region. Under the same potential, the i, values of
others are always smaller than that of sample A, and with the
increasing Ce content in steel, i, decreases continuously.
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Ce with high activity and electrochemical electrode potential
can make polarization resistance increase, and shift the anodic
polarization potential to positive value (Ref 37), reduce the
corrosion rate, delay the process of corrosion, and improve the
corrosion resistance of steel. However, when adding the
excessive Ce, some second-phase particles containing Ce with
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Fig. 17 SEM micromorphology of AISI 202 stainless steel after
45 days: (a) Sample A without Ce addition and (b) Sample A3 with
0.016 wt.% Ce addition

poor corrosion resistance will exist in steel, which is not
conducive to improving its uniform corrosion resistance.

3.6 Corrosion Mechanism

This research adopts the method of constant potential, and
the electrochemical polarization curves were measured in weak
polarization region to discuss the influence of Ce on the
corrosion resistance of AISI 202 stainless steel.

The corrosion behavior in 5 wt.% H,SO, solution of the
stainless steel belongs to the hydrogen evolution corrosion. The
metal electrode potential (Ejm+) must be lower than the

hydrogen electrode potential (Ep, ):
EMn+ < EHZ’ (Eq 10)

where Ep, is equal to the difference between the hydrogen
balance potential (E.y+) and the overpotential of hydrogen

evolution (1, ):
By, = Ee s — My, (Eq 11)

According to Nernst equation, £, g+ is defined as
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2.3RT
F
So the conditions of the hydrogen evolution corrosion are as
follows:

Eopr = E®y. + lgay-=— 0.059PH . (Eq 12)

Eype < — (0.059PH + 1y, ) . (Eq 13)

Most of hydrogen evolution corrosion is the corrosion
process of cathode and anode hybrid control (Ref 38). The
stainless steel in dilute acid controlled by anodic process is a
kind of hydrogen evolution corrosion (Ref 39). In this case, the
metal ions with a high anodic polarization must penetrate the
passive film to enter the solution. Appropriate content of Ce
can reduce cathodic inclusions with small overpotential of
hydrogen evolution, changing them into the inclusions con-
taining Ce, which have a large overpotential of hydrogen
evolution (Ref 40). Consequently, the corrosion effect of
inclusions is weakened, and the corrosion rate is delayed. A
compact passive film exists on the surface of AISI202 stainless
steel in the air; however, after being immersed in 5 wt.%
H,SO4 solution, the passive film will soon dissolve, and
eventually disappear, forming active metal surface. At this
point, the cathodic reaction and the anodic reaction are
controlled by activation polarization.

3.7 Morphologies of Rust Layers

Figure 16 depicts SEM morphology of AISI 202 stainless
steel in 5 wt.% H,SO, solution after 45 days. In contrast to
other steels, the rust layer of sample A without Ce was
particularly loose and porous, and a deep longitudinal crack
appeared on its surface. Obviously, corrosion products had not
protected the matrix. Corrosive ions could pass through the
cracks into the matrix surface. In contrast, the corrosion degree
of sample Al had been greatly improved although its
fragmented rust layer was loose. A compact rust layer was
observed on the surface of sample A2; in the meantime,
different sizes of cracks and holes existed in local, rendering
small molten-bead particle morphology, as shown in Fig. 16(c).
As presented in Fig. 16(d), the thinnest rust layer and uniform
corrosion occurred in sample A3. It could be seen clearly that a
few gaps and holes occurring on the flake rust layer combined
closely, a hole formed due to desquamating of carbide between
the middle and top rust layers. By comparison, a loose and
porous rusty layer appeared on the matrix of sample A4 with
the excessive Ce. As a result, the uniform corrosion resistance
of AISI 202 stainless steel decreased.

Figure 17 presents SEM micromorphology of AISI 202
stainless steel after 45 days. There was a severe corrosion on
the surface of sample A. A large number of holes attracting
each other combined to form several large corrosive holes,
losing their characteristics of regular geometry. To sample A3,
it was clear that a large groove occurred on the grain boundary
(shown as long arrow) due to the fall-off of carbides. In the
meantime, many larger corrosive pits existed in the grain inner
(shown as short arrow).

Trace Ce can make the rust layer dense and enhance the
adhesion ability between the rust layer and steel matrix. In
addition, the process of corrosion controlled by hydrogen
evolution firstly occurs in the inclusions with low hydrogen
overpotential. In this case, the more the number of inclusions,
the greater the dispersion, and the severer the corrosion.
Suitable amount of Ce can effectively control the number of
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inclusions, thereby reducing the area of active cathodic phase
and increasing the degree of cathodic polarization; as a result,
the cathodic process is prevented, and the uniform corrosion
resistance of AISI 202 stainless steel is improved comprehen-
sively.

4. Conclusions

1. Ce addition to AISI 202 stainless steel increased the cor-
rosion resistance owing to metamorphic inclusions and
the improvement of electrode potential in matrix. The
appropriate amount of Ce effectively modified various
features of inclusions, such as their quantity, size, nature,
shape, and distribution, thereby transferring finer meta-
morphic inclusions from the grain boundary into the
intragranular, to a certain extent, purified the alloy.

2. When W ([Ce]) £ 0.011 wt.%, sulfide inclusions could
be controlled, and the cluster of MnS, CeAlOs, CeS, and
Ce,0,S multiphase inclusions occurred in steel. With
0.011 wt.% < W ([Ce]) < 0.016 wt.%, the spherical
multiphase inclusions containing CeAlO; and Ce,O,S
were obtained, and at the same time, CeS and MnS
inclusions did not occur in steel. With W ([Ce]) > 0.016
wt.%, some second-phase particles containing Ce with
poor corrosion resistance existed in steel, which was not
conducive to improving its uniform corrosion resistance.

3. The size of grains was refined with the Ce addition, sig-
nificantly increasing the strength, and in the meantime,
its plasticity was improved, which resolved the contradic-
tion between the strength and plasticity of steels.

4. Microhardness indentation morphologies indicated that
upon increasing the Ce addition, the indentation morphol-
ogy of steels transferred from sink-in types to pile-up
types. Ce present in the defects of grain boundaries or
dislocation strengthened the grain boundary and hindered
the propagation of intergranular cracks, making the resis-
tance of grain boundaries and dislocation motion in-
crease, thereby improving the formability and the
brittleness at room temperature.

5. The fracture of AISI 202 stainless steel added with Ce
belonged to the ductile fracture mode, originating from
the inclusion/matrix interface. The segregation of Ce
along the grain boundary delayed the initiation and the
rupture of cracks, forming larger and deeper equiaxed
dimples, which effectively improved the mechanical
properties of steels. The lattice distortion appeared in
some brittle second-phase particles which the excessive
Ce produced and resulted in a decline in its mechanical
properties.

6. The corrosion morphologies of rust layers illustrated that
Ce ecnhanced the stability and continuity of the
microstructure of the inner rust layer due to its role as an
element with high activity and electrochemical electrode
potential binding the rust layer and matrix.

7. The mechanical properties and corrosion resistance of
steels were gradually improved with the increasing Ce
addition. It was found that AISI 202 stainless steel with
0.016 wt.% Ce addition in the mass fraction had the opti-
mal mechanical properties and the uniform corrosion
resistance.
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