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Abstract: The effect of tempering temperature on the microstructure and intergranular corrosion
property of 2205 duplex stainless steel (DSS2205) was determined using a boiling acid intergranular
corrosion test (boiling 65% nitric acid and 50% sulfuric acid–ferric sulfate), an optical microscope, a
transmission electron microscope, and a double-loop electrochemical potentiokinetic reactivation
(DL-EPR) test. The results show that the ferrite content of the DSS2205 is about 50% in a specimen close
to a solid solution state (1050 ◦C for 1 h, then water-quenched) when tempered at 675 ◦C–725 ◦C for
1 h. As the tempering temperature rises to 750 ◦C–800 ◦C for 1 h, the ferrite content drops gradually
from 49% to 35%. M23C6, FeCr (σ phase), and Cr2N phases are precipitated when the specimen is
tempered at 675◦C–800 ◦C for 1 h. When the tempering temperature rises to 750 ◦C–800 ◦C for 1 h,
the content and size of σ phase increase significantly. In the boiling acid intergranular corrosion test,
when the specimen is tempered at 675 ◦C–725 ◦C for 1 h, the corrosion rate is higher than when
it is tempered at 750 ◦C–800 ◦C for 1 h. In the DL-EPR test, when the specimen is tempered at
675 ◦C–800 ◦C for 1 h, the intergranular corrosion sensitivity rises gradually. External polarization
is added during the DL-EPR test, and the test principle is different from that of the boiling acid
intergranular corrosion test, resulting in a different sensitivity to intergranular corrosion compared to
boiling acid intergranular corrosion.

Keywords: tempering temperature; 2205 duplex stainless steel; microstructure; corrosion property

1. Introduction

As a typical, representative second-generation duplex stainless steel, 2205 duplex
stainless steel (DSS2205) is widely used in the petroleum, chemical, marine engineering,
construction, and other industries. It has the advantages of austenitic stainless steel and
ferritic stainless steel and has high strength and good corrosion resistance. When the
ratio of two phases is close to 1:1, duplex stainless steel exhibits the best comprehensive
performance [1–3]. After an improper heat treatment (such as sensitization), the two-phase
ratio of dual-phase steel will change, and second phases such as σ, χ, carbides, and
nitrides will inevitably precipitate at grain boundaries, phase boundaries, and in their
vicinities [4–6], thus forming a Cr-depleted zone and leading to a certain intergranular
corrosion sensitivity in a specific corrosion environment [7–12].

At present, methods of testing the intergranular corrosion of duplex stainless steel
include the boiling acid intergranular corrosion test [13–15] and electrochemical corrosion
test [16]. The former mainly provides basic data for product delivery (the qualification
criteria are determined by both suppliers and consumers), while the latter is mainly used
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for material research as it makes it easy to explore the corrosion mechanism. Accord-
ing to standards [13–15], before the boiling acid test, it is usually necessary to perform a
heat treatment on dual-phase steel at a certain temperature, such as 700 ◦C × 0.5 h, as
well as water quenching so that the material can precipitate carbides and other precip-
itated phases along the grain boundary to obtain more conservative test results; this is
called sensitization. The double-loop electrochemical potentiokinetic reactivation method
(DL-EPR method) can quickly and quantitatively detect the intergranular corrosion sen-
sitivity of stainless steel. In recent years, the method has been widely used in duplex
stainless steel [17–27]. The standard experimental medium for the DL-EPR experiment is a
0.5 mol/L H2SO4 + 0.01 mol/L KSCN solution [16]. In addition to KSCN [17,20–22,25],
depolarizers usually include NaCl [20,21,25] and HCl [18,19,27]. For example, Lv. J. et al.
studied the intergranular corrosion sensitivity of DSS2205 aged at 675 ◦C for different
lengths of time using the DL-EPR method [17]. The results show that with an aging time
ranging from 3 h to 15 h, the austenite content of the material gradually increases, the ferrite
content gradually decreases, the precipitated phase gradually changes from small M23C6 in
the initial stage of aging to the larger σ phase, and the intergranular corrosion sensitivity
gradually increases. The intergranular corrosion behavior of DSS2205 at 850 ◦C was studied
by J.L DEL A A [18], using the DL-EPR method. The results showed that with an increase
in the aging time, the precipitation of the σ phase increased gradually, which increased the
intergranular corrosion and uniform corrosion rates of the ferrite phase. Zhang et al. [19]
used the DL-EPR method to study the intergranular corrosion resistance of dual-phase UNS
S31803 steel after multi-pass welding. The results showed that the formation of chromium
nitride and secondary austenite during the welding process reduced the intergranular cor-
rosion resistance of the material. It can be seen from the above that researchers studied the
intergranular corrosion performance of dual-phase steel using the DL-EPR method, mainly
obtaining results indicating that the intergranular corrosion sensitivity of dual-phase steel
shows an increasing trend with an increase in tempering temperature or time, and they
did not use boiling acid testing for verification, lacking guidance for practical applications.
The authors of this article conducted boiling acid tests on DSS2205 in different temper-
ing states and found that corrosion rates were not completely positively correlated with
tempering temperature.

In this study, the microstructure evolution of DSS2205 was studied with an increas-
ing tempering temperature. The intergranular corrosion properties of DSS2205 following
different tempering temperatures were studied using the boiling acid (65% nitric acid and
50% sulfuric acid–ferric sulfate) intergranular corrosion test and DL-EPR test. Finally, we
established and discussed the correlation between the results of the boiling acid intergran-
ular corrosion experiments and DL-EPR experiments and recommended a sensitization
temperature control range for laboratory boiling acid experiments performed on DSS2205.

2. Materials and Methods
2.1. Materials

The experimental alloy was a 10 mm thick DSS2205 steel plate in the delivery state
(the solid solution state; the heat treatment was conducted at 1050 ◦C for 1 h, and then the
sample was water-quenched). The chemical composition of the alloy is shown in Table 1.
The DSS2205 was tempered at different temperatures and then tested. The tempering
processes were 675 ◦C × 1 h (marked as 1#), 700 ◦C × 1 h (marked as 2#), 725 ◦C × 1 h
(marked as 3#), 750 ◦C × 1 h (marked as 4#), 775 ◦C × 1 h (marked as 5#), and 800 ◦C × 1 h
(marked as 6#), respectively, followed by water-cooling. The solid-solution-state specimens
were marked as 0#.

Table 1. Chemical composition of DSS2205 (wt.%).

C S P Si Mn N Cr Ni Mo Fe

0.027 <0.0050 0.022 0.525 1.17 0.166 22.71 5.79 3.13 bal
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2.2. Methods

According to method B of the ASTM A262-15 (2021) [15], a 50% sulfuric acid–ferric
sulfate experiment was carried out, and the boiling test time was 24 h. A 65% nitric acid
experiment was carried out according to ISO 3651-1:1998 [14], and the boiling test time
was 48 h (some specimens were tested for 24 h as the corrosion rates were very large).
Specimens showing boiling-acid intergranular corrosion were sampled along the rolling
direction of the test plate, and the sampling size was 30 mm × 20 mm × 3 mm. The average
rate of three specimens was taken as the final result. According to GB/T 29088-2012 [16],
DL-EPR experiments were carried out on a GAMRY 1010 E electrochemical workstation
(Gamry, Warminster, PA, USA) using a three-electrode system (a reference electrode was
a saturated calomel electrode (SCE)). The specimen size was 10 mm × 10 mm × 10 mm.
The specimen was connected to the wire and packaged with resin. The rolling surface
was ground and polished as the test surface. The DL-EPR experiment was carried out
in a 2 mol/L H2SO4 + 1.5 mol/L HCl solution at (25 ± 1) ◦C. The specific experimental
process was as follows: First, the specimen was subjected to an open circuit potential (Eocp)
test for 10 min and then anodically polarized to the passivation region (Eocp + 500 mV)
at a scanning rate of 3.5 mV/s; it was then reversely scanned to the Eocp at the same rate to
determine the reactivation current (Ir) and activation current (Ia). A ratio (the reactivation
rate, Ra = Ir/Ia) was used to characterize the intergranular corrosion sensitivity, and the
higher the Ra was, the greater the intergranular corrosion sensitivity of the material. A
metallographic structure observation (including a ferrite content test) was carried out using
a ZEISS Oserver.Zlm metallographic microscope (ZEISS, Oberkochen, Germany). The ero-
sion agent was a sodium sulfite hydrochloric acid aqueous solution, and the average value
of the ferrite content test was taken at five positions. Transmission electron microscopy
(TEM) specimens were formed by double spray perforation after mechanical pre-thinning.
They were cooled using liquid nitrogen, and the temperature was lower than −20 ◦C.
TEM observations were carried out using the JEM-2100 electron microscope (JEOL, Tokyo,
Japan), and the acceleration voltage was 200 Kv.

3. Results
3.1. Boiling Acid Intergranular Corrosion Experiment

The experimental results determined for the DSS2205 specimens in the solid solution
state and different tempering states using two standard boiling acid intergranular corrosion
methods are shown in Table 2. The results show that the variations in pattern with tem-
pering temperature of the two types of boiling acid test are consistent. The corrosion rates
of the solid-solution-state specimen (0#) are the lowest, and for the specimens tempered
at 675 ◦C–800 ◦C for 1 h, the tempering treatments deteriorate the intergranular corrosion
resistance of the material. In the tempering range of 675 ◦C–725 ◦C, the surfaces of the
specimens were pulverized after corrosion, the corrosion rates were significantly higher
than those of the 0# specimens, and the corrosion resistance was seriously deteriorated.
When the tempering temperature exceeds 750 ◦C, the corrosion resistance of the material
improves again. For example, when conducting a test in a boiling 50% sulfuric acid–ferric
sulfate solution for 24 h, the average rate of the DSS2205 specimen is 7.83 mm/Y when
tempered at 675 ◦C–725 ◦C, while the average rate is 1.70 mm/Y when it is tempered at
750 ◦C–800 ◦C. When testing in boiling 65% nitric acid, the difference is greater than that of
the boiling experiment using 50% sulfuric acid–ferric sulfate. In the tempering range of
675 ◦C–725 ◦C, due to the high corrosion rate, the standard test time had to be shortened
to 24 h.
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Table 2. Test results for boiling acid intergranular corrosion.

Results Boiling Acid and Corrosion Rate
(Millimeters per Year, mm/Y)

Specimen No. 50% Sulfuric Acid–Ferric Sulfate (24 h) 65% Nitric Acid

0# 1.40 0.38 (48 h)
1# 8.44 55.57 (24 h)
2# 9.60 55.92 (24 h)
3# 5.45 54.86 (24 h)
4# 1.82 4.36 (48 h)
5# 1.47 0.51 (48 h)
6# 1.81 0.49 (48 h)

3.2. Analysis of Ferrite Content and Metallographic Structure

The ferrite content of DSS2205 specimens in the solid solution state and different
tempering states is shown in Table 3, and the metallographic structure is shown in Figure 1.
It can be seen that when tempering at 675 ◦C–725 ◦C for 1 h, the average content of
ferrite is about 50%, which is close to that of the solid-solution-state specimen. As the
tempering temperature continues to increase, the ferrite content of the material gradually
decreases to 35%. As can be seen in Figure 1a, the specimen in the solid solution state
has white block of austenite embedded in the black ferrite matrix. When tempering at
675 ◦C × 1 h, the metallographic structure is similar to that of the solid-solution-state
specimen (see Figure 1b). After tempering at 700 ◦C × 1 h and 725 ◦C × 1 h, a small amount
of white FeCr (σ) phase begins to precipitate along the austenite–ferrite phase boundary
(see Figure 1c,d). When tempering at 750 ◦C × 1 h, many white σ phases are precipitated
at the austenite–ferrite phase boundary and inside the ferrite phase (see Figure 1e). As the
tempering temperature further increases, the generated σ phase gradually increases (see
Figure 1f,g). As can be seen from the above, with an increase in the tempering temperature,
the content and the size of the σ phase gradually increase with temperatures above 725 ◦C.

Coatings 2024, 14, x FOR PEER REVIEW 5 of 11 
 

 

 

Figure 1. Metallographic morphologies of specimens in solid solution state and different tempering 

states: (a) 0#, solid solution; (b) 1#, 675 °C × 1 h; (c) 2#, 700 °C × 1 h; (d) 3#, 725 °C × 1 h; (e) 4#, 750 °C 

× 1 h; (f) 5#, 775 °C × 1 h; (g) 6#, 800 °C × 1 h. 

3.3. TEM Analysis 

TEM images and the precipitated phase diffraction patterns of the DSS2205 speci-

mens in the solid solution state and different tempering states are shown in Figure 2. It 

can be seen in Figure 2a that the ferrite–austenite phase boundary of the sol-

id-solution-state specimen (0#) is clean and straight, and no precipitates are produced. In 

Figure 2b, when tempered at 675 °C × 1 h (1#), a small amount of black precipitates are 

precipitated at the austenite–ferrite phase boundary of the material, which is a common σ 

phase in DSS2205 [4,16,17]. In Figure 2c,d,i,j, it can be seen that black strip precipitates are 

precipitated at the ferrite grain boundary of the specimen (2#) tempered at 700 °C × 1 h, 

and the result of energy dispersive spectroscopy (EDS) indicates that the precipitate 

should be nitride (Cr2N). Massive black precipitates were precipitated at the austen-

ite–ferrite phase boundary near the ferrite region; these were determined to be carbides 

(Cr23C6) from their EDS result. In addition, an Fe–Cr (σ) phase is also precipitated at the 

ferrite–austenite phase boundary. It can be seen from Figure 2e that the precipitated 

phase of the specimen tempered at 725 °C × 1 h (3#) is similar to that of the 2# specimen. 

A large number of black precipitates are precipitated at the ferrite–austenite phase 

boundary. The strip precipitates are Cr2N. The block precipitates are σ phase, and there is 

also a small amount of carbides. In Figure 2f, the coarse σ phase precipitates at the ferrite 

phase boundary of the specimen (4#) tempered at 750 °C × 1 h are significantly larger 

than those of the specimens tempered at 675~725 °C, and the length reaches 2 μm. In 

Figure 2g, the coarse σ phase, Cr23C6,and a slightly smaller strip nitride are precipitated in 

the specimen tempered at 775 °C × 1 h (5#). The σ phase and carbides grow significantly, 

reaching a size of 10 μm. In Figure 2h, the precipitates of the specimen tempered at 800 

°C × 1 h (6#) are mainly of the σ phase, and their size is up to 10 μm. The characteristics of 

the phases precipitated at each temperature are shown in Table 4. Figure 2i–m show the 

precipitated phase diffraction patterns of Cr23C6, Cr2N, the σ phase, the ferrite matrix, and 

austenite in the alloy, respectively. As can be seen from the above, there are no precipi-

tated phases in the solid solution specimen. As the tempering temperature increases, the 

precipitated phases gradually transform from small M23C6, Cr2N,and σ phases to larger σ 

phases which become the main precipitated phase. 

675℃×1h 700℃×1h 725℃×1h

750℃×1h 775℃×1h 800℃×1h

σ

σ

σ

σ
σ

α γ

solid solution(a) (b) (c) (d)

(e) (f) (g)
σ
σ

σ
σ

σ

σ

σ

Figure 1. Metallographic morphologies of specimens in solid solution state and different tempering
states: (a) 0#, solid solution; (b) 1#, 675 ◦C × 1 h; (c) 2#, 700 ◦C × 1 h; (d) 3#, 725 ◦C × 1 h; (e) 4#,
750 ◦C × 1 h; (f) 5#, 775 ◦C × 1 h; (g) 6#, 800 ◦C × 1 h.
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Table 3. Ferrite content of DSS2205 in solid solution state and different tempering states (%).

Results Points
Average

Specimen No. 1 2 3 4 5

0# 50 52 54 50 45 50
1# 46 49 51 51 50 49
2# 51 47 51 53 49 50
3# 49 50 48 46 52 49
4# 44 42 43 41 45 43
5# 39 38 43 40 40 40
6# 40 37 34 34 32 35

3.3. TEM Analysis

TEM images and the precipitated phase diffraction patterns of the DSS2205 specimens
in the solid solution state and different tempering states are shown in Figure 2. It can be seen
in Figure 2a that the ferrite–austenite phase boundary of the solid-solution-state specimen
(0#) is clean and straight, and no precipitates are produced. In Figure 2b, when tempered
at 675 ◦C × 1 h (1#), a small amount of black precipitates are precipitated at the austenite–
ferrite phase boundary of the material, which is a common σ phase in DSS2205 [4,16,17]. In
Figure 2c,d,i,j, it can be seen that black strip precipitates are precipitated at the ferrite grain
boundary of the specimen (2#) tempered at 700 ◦C × 1 h, and the result of energy dispersive
spectroscopy (EDS) indicates that the precipitate should be nitride (Cr2N). Massive black
precipitates were precipitated at the austenite–ferrite phase boundary near the ferrite region;
these were determined to be carbides (Cr23C6) from their EDS result. In addition, an Fe–Cr
(σ) phase is also precipitated at the ferrite–austenite phase boundary. It can be seen from
Figure 2e that the precipitated phase of the specimen tempered at 725 ◦C × 1 h (3#) is
similar to that of the 2# specimen. A large number of black precipitates are precipitated at
the ferrite–austenite phase boundary. The strip precipitates are Cr2N. The block precipitates
are σ phase, and there is also a small amount of carbides. In Figure 2f, the coarse σ phase
precipitates at the ferrite phase boundary of the specimen (4#) tempered at 750 ◦C × 1 h
are significantly larger than those of the specimens tempered at 675~725 ◦C, and the
length reaches 2 µm. In Figure 2g, the coarse σ phase, Cr23C6, and a slightly smaller strip
nitride are precipitated in the specimen tempered at 775 ◦C × 1 h (5#). The σ phase and
carbides grow significantly, reaching a size of 10 µm. In Figure 2h, the precipitates of the
specimen tempered at 800 ◦C × 1 h (6#) are mainly of the σ phase, and their size is up
to 10 µm. The characteristics of the phases precipitated at each temperature are shown
in Table 4. Figure 2i–m show the precipitated phase diffraction patterns of Cr23C6, Cr2N,
the σ phase, the ferrite matrix, and austenite in the alloy, respectively. As can be seen
from the above, there are no precipitated phases in the solid solution specimen. As the
tempering temperature increases, the precipitated phases gradually transform from small
M23C6, Cr2N, and σ phases to larger σ phases which become the main precipitated phases.

Table 4. Characteristics of precipitated phases in solid solution state and different tempering states.

Results Precipitates
Specimen No.

0# No precipitated phase.

1# A small amount of σ phase precipitates at the austenite–ferrite phase boundary, and a small
amount of dispersed Cr23C6 precipitates in the ferrite grains.

2# A small amount of σ phase precipitates at the austenite–ferrite phase boundary, Cr23C6
precipitates in the ferrite grain, and black strip Cr2N precipitates at the ferrite grain boundary.

3#
At the austenite–ferrite phase boundary, strip Cr2N precipitates, block σ phase precipitates, and a
small amount of Cr23C6 precipitates. The size of each precipitated phase is slightly larger than

that of 2#.
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Table 4. Cont.

Results Precipitates
Specimen No.

4# The σ phase grows significantly, and the length reaches 2 µm. Cr2N and Cr23C6 also grow
slightly, and their lengths are much shorter than that of the σ phase.

5# The precipitated phases grow further, and the sizes of the σ phase and Cr23C6 reach 10 µm.
6# The precipitates are mainly of the σ phase, and their size is up to 10 µm
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3.4. DL-EPR Experment

Figure 3 shows the DL-EPR curves of the DSS2205 specimens in the solid solution
state and different tempering states, and the Ia and Ir values are shown in Table 5. Figure 4
shows the surface morphologies of the specimens after the DL-EPR experiment. In Figure 3,
all specimens have obvious passivation zones, and the Ir value of the solid solution state
specimen is very small, indicating that intergranular corrosion almost does not occur. In
the range of 675 ◦C–725 ◦C, the reactivation rate Ra increases first and then decreases, and
the maximum is 16%. When the tempering temperature reaches 750 ◦C, the Ra value of the
DSS2205 increases rapidly, nearly reaching 30%. At 800 ◦C, the Ra value reaches 48.2%, and
the Ir value is close to the Ia value of the solid-solution-state specimen, which indicates that
a large range of uniform corrosion occurs when the material is reactivated.

Table 5. Test results of DL-EPR test in solid solution state and different tempering states.

Results Electrochemical Parameters

Specimen No. Ia/mA·cm−2 Ir/mA·cm−2 Ra/%

0# 11.5 0.012 0.10
1# 13.5 0.67 4.9
2# 16.8 2.7 16.0
3# 16.3 1.9 11.6
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Table 5. Cont.

Results Electrochemical Parameters

Specimen No. Ia/mA·cm−2 Ir/mA·cm−2 Ra/%

4# 19.6 5.6 28.5
5# 20.5 5.6 27.3
6# 23.2 11.2 48.2
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Figure 4. Morphologies of specimens after DL-EPR experiment in solid solution state and different
tempering states: (a) 0#, solid solution; (b) 1#, 675 ◦C × 1 h; (c) 2#, 700 ◦C × 1 h; (d) 3#, 725 ◦C × 1 h;
(e) 4#, 750 ◦C × 1 h; (f) 5#, 775 ◦C × 1 h; (g) 6#, 800 ◦C × 1 h.

It can be seen from Figure 4 that there is no obvious grain boundary-coarsening
phenomenon in the 0# specimen (Figure 4a). Corrosion occurs at the local grain boundary
of the specimen tempered at 675◦C × 1 h (1# specimen in Figure 4b). The corrosion of
the specimens tempered at 700 ◦C × 1 h (2#) and 725 ◦C × 1 h (3#) is aggravated, and a
large number of black areas formed by corrosion appear (shown in Figure 4c,d). As the
temperature continues to rise to 750 ◦C and above, the corrosion area of the specimen
further increases, and a large area of corrosion occurs at the cluster σ phase boundary
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(shown in Figure 4e–g).As can be seen from the above, the solid-solution-state specimen
(0#) does not reveal intergranular corrosion, and as the tempering temperature increases,
intergranular corrosion gradually intensifies.

4. Analysis and Discussion

The results show that the second phases such as σ, χ, R, π, carbides, and nitrides are
precipitated in DSS2205 material during isothermal aging at 300~1000 ◦C, which seriously
affects the performance of dual-phase steel [6,8,10–12]. From the results of this study, it
can be seen that when tempering at 750 ◦C and above for 1 h, the ferrite content of dual-
phase steel gradually decreases with the increase in temperature, and the σ phase content
gradually increases. From the transmission results, M23C6, FeCr (σ), and Cr2N phases were
precipitated during the sensitization process at 675~800 ◦C, indicating that the following
reactions occurred in the alloy [28]: α → γ2 + σ, α → σ + Cr2N, α → γ2 + M23C6. (α is
ferrite and γ2 is secondary austenite).With the increase in temperature, the above reactions
accelerated. M23C6, σ, and Cr2N are all high-Cr compounds which have a relationship of
competitive precipitation in the sensitization precipitation process of DSS2205. Under the
tempering condition of 675 ◦C × 1 h (1#), the σ phase and carbides were precipitated in
DSS2205. When the temperature reached or exceeded 700 ◦C, the σ phase, M23C6, and
Cr2N were precipitated in the DSS2205. With the increase in temperature, the number
and size of the σ phase increased significantly, and it became the main precipitated phase
affecting the intergranular corrosion performance of the DSS2205. The effect of the σ phase
on the corrosion performance of DSS2205 is mainly discussed below, and the correlation
between the boiling acid intergranular corrosion experiment and the DL-EPR experiment
is established and discussed.

4.1. The Effect of Tempering Temperature on Boiling Acid Intergranular Corrosion

The results of the boiling acid intergranular corrosion test show that when the tem-
pering temperature is 675 ◦C–725 ◦C, the corrosion rates of the DSS2205 are obviously
larger than when tempered at 750 ◦C–800 ◦C. In the solid solution state, there is only the
ferrite–austenite phase boundary in the DSS2205, and no precipitated phases are produced.
A dense passivation film is formed on the surface of the whole specimen, and the boiling
acid corrosion resistance of the material is very excellent.

During isothermal tempering between 675 ◦C and 725 ◦C, σ phase, M23C6, and Cr2N
precipitate at the DSS2205 phase boundary and grain boundary, and a Cr-depleted zone
forms around the precipitates where the passivation film is not dense. Under boiling acid
conditions, a galvanic cell reaction occurs in the specimen. The uncompacted area of the
passivation film acts as the anode, and the complete area of the surrounding passivation
film acts as the cathode, forming a corrosion galvanic cell with a large cathode and a small
anode, and the anode was rapidly dissolved. Due to the strong oxidation of nitric acid,
the corrosion potential is 0.75~1 V (SCE) [15], which is usually in the over-passivation
zone. After anodic corrosion occurs, the complete area of the surrounding passivation film
also dissolves, and the surface of the specimen produces a pulverization phenomenon,
resulting in serious uniform corrosion. The corrosion potential of 50% sulfuric acid is 0.6 V
(SCE) [15], which is lower than that of nitric acid. Therefore, the corrosion rate of the nitric
acid experiment is larger than that of the 50% sulfuric acid–ferric sulfate experiment.

When DSS2205 is isothermally tempered between 750 ◦C and 800 ◦C, the content of
ferrite decreases, and the content of the σ phase increases significantly, which inevitably
forms a Cr-depleted zone near the precipitated phases. However, due to the high tempering
temperature, Cr diffuses rapidly in the ferrite, which can supplement the Cr content in
the Cr-poor zone to prevent a significant decrease in the Cr content. In addition, the Cr
content in the σ phase itself is relatively high, which provides strong corrosion resistance,
and the corrosion rate in boiling acid is always relatively small in the two boiling acid
tests. Therefore, compared with isothermal tempering between 675 ◦C and 725 ◦C, the
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corrosion rates are greatly reduced. This is particularly evident in the 65% nitric acid
boiling experiment.

4.2. The Effect of Tempering Temperature on DL-EPR Experiment

In the process of the DL-EPR experiment, the passivation film on the surface of
the whole material was activated and dissolved during the activation potential, from
Eocp scanning to the passivation potential. When the potential reached the maximum
activation current Ia, the material began to passivate, the corrosion current decreased
sharply, and a dense passivation film formed on the surface of the material. Meanwhile,
during reverse scanning, the dense part of the passivation film did not dissolve even at the
activation potential, but the thinner part of the passivation film (such as the Cr-depleted
area) dissolved. As the potential increased, the corrosion current began to decrease after
reaching the maximum activation current Ir. The difference between Ir and Ia is the principle
of measuring the intergranular corrosion of materials.

During isothermal sensitization between 675 ◦C and 725 ◦C, more precipitated phases
were produced, and a Cr-poor zone appeared, which indicated that the material had high
intergranular corrosion sensitivity. When the isothermal sensitization was carried out
between 750 ◦C and 800 ◦C, although the Cr-depleted region in the material decreased due
to the diffusion of the Cr element, the number of grain boundaries and phase boundaries
increased significantly (especially for the boundary between the σ and α phases). Evidently,
different phase compositions lead to some differences in the activation potential. In the
reverse scanning process, as the potential decreases, these phase boundaries are activated,
so the Ra value increases significantly. Therefore, after the DL-EPR experiment, the mor-
phologies show corrosion traces of clusters (see Figure 4e–g) which are the corrosion traces
of the phase boundary between σ and α.

4.3. Analysis of Correlation between Boiling Acid Intergranular Corrosion and DL-EPR Experiment

It can be seen from the above results that the sensitivity of intergranular corrosion
in the boiling acid intergranular corrosion experiment after tempering at 675 ◦C–725 ◦C
for 1 h is significantly stronger than when tempered at 750 ◦C–800 ◦C for 1 h, while the
DL-EPR experimental results are just the opposite, which is due to the inconsistency of
the two test principles. According to Section 3.1, the corrosion potential of the boiling
acid intergranular corrosion experiment is constant (0.6–1 V) and is only sensitive to the
Cr-poor area. When tempering at 675 ◦C–725 ◦C, a Cr-poor area is formed around the
precipitated phase, and the passivation film in this area is not dense and dissolves easily
under boiling acid conditions. When continuing to increase the tempering temperature
to 750 ◦C–800 ◦C, the diffusion of Cr accelerates, which can supplement the Cr content in
the Cr-poor zone. When the Cr content at the grain boundary exceeds a certain value, the
passivation film becomes dense and remains in a passivation state in the potential range
of 0.6–1 V, resulting in a decrease in the corrosion rate [29]. According to Section 3.2, the
DL-EPR experiment is a cyclic polarization test. During the process of potential changes
from activation to passivation and then from passivation to activation, while the Cr-poor
area dissolves, a large number of phase boundaries also dissolve due to differences in
composition and electrochemical properties. Therefore, when the tempering temperature
increases to 750◦C–800 ◦C, the ferrite content decreases significantly, the ferrite-σ phase
boundary increases significantly, and the Ra value also shows a rapid increasing trend.
Therefore, there is a significant difference in the sensitivity order of intergranular corrosion
measured by the two experimental methods with increasing temperatures.

At present, laboratory testing mainly focuses on boiling acid intergranular corrosion
experiments. The sensitization treatment temperature set by both the suppliers and con-
sumers should be below 725 ◦C; otherwise, incorrect intergranular corrosion results may
be obtained.
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5. Conclusions

(1) After isothermal tempering at 675 ◦C–725 ◦C for 1 h, the average content of ferrite in
DSS 2205 is about 50%, which is close to the solid solution state. As the tempering
temperature rises to 750 ◦C~800 ◦C for 1 h, the ferrite content of the material gradually
decreases to 35%. M23C6, FeCr (σ), and Cr2N phases are precipitated in DSS2205
between 675 ◦C and 800 ◦C, and the content of the σ phase increases significantly at
temperatures above 750 ◦C.

(2) During the boiling acid intergranular corrosion test, when the tempering temperature
is between 675 ◦C and 725 ◦C, the average corrosion rates of DSS2205 are much larger
than when it is tempered between 750 ◦C and 800 ◦C. For example, in a 50% sulfuric
acid–ferric sulfate solution boiling for 24 h, the average corrosion rate of DSS2205 is
7.83 mm/Y when it is tempered at 675 ◦C–725 ◦C, while the average rate is 1.70 mm/Y
when it is tempered at 750 ◦C–800 ◦C. In the DL-EPR experiment, when the tempering
temperature is between 675 ◦C and 800 ◦C, the intergranular corrosion sensitivity of
DSS2205 gradually increases with an increase in the tempering temperature.

(3) The degrees of sensitivity of DSS2205 to intergranular corrosion in boiling acid ex-
periments and DL-EPR experiments at a tempering temperature of 675 ◦C–800 ◦C
differ from each other. The boiling acid experiment is suitable for the determination
of the intergranular corrosion tendency of the 2205 alloy with less precipitation of the
σ phase.
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