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Abstract: Heat exchangers, as essential devices for facilitating heat transfer, have found a variety
applications in various industries. However, the occurrence of corrosion-related failures in real-
world scenarios remains a prevalent problem that can lead to catastrophic incidents. This paper
investigates the problem of corrosion perforation on the outlet flange of a heat exchanger in a
sour steam stripper from a petrochemical company. Failure analysis was performed using physical
testing and chemical analysis, metallographic examination, microscopic observation, and energy
spectrum analysis. Intergranular corrosion experiments and flow calculations were performed to
verify the analysis. The results indicate that the main cause of the flange corrosion perforation was
the formation of a highly concentrated NH4HS aqueous solution during the cooling process of the
NH3, H2S, and water vapor in the fluid passing through the heat exchanger, and the velocity was
too high, which triggered alkali-sour water washout corrosion. To prevent the recurrence of similar
corrosion perforations, recommendations for material and process optimization are proposed to
effectively reduce the safety production risks in refinery units and provide valuable information for
the safe long-term operation of a sour steam stripper.

Keywords: sour steam stripper; heat exchanger; flange; corrosion perforation; failure analysis

1. Introduction

China relies heavily on imports for 80% of its crude oil, and a significant portion of the
imported oil is of poor quality, containing high levels of sulfur, nitrogen, and chlorine [1].
The constantly changing compositions of these feedstocks results in significant variations in
operating conditions, leading to localized corrosion and equipment leakage [2]. Corrosion
is widely recognized as a critical issue, with annual losses reaching billions of dollars [3,4].
The replacement and repair of equipment in various industries is often required due to
corrosion. In petrochemical refineries, corrosion is a major cause of plant shutdowns [5].

Sour water vapor recovery units play an important role in the petroleum refining
industry as environmental protection equipment specifically designed for the treatment
of sour water generated by various refining processes [6]. The process principle and flow
involve the use of steam-heating to promote the hydrolysis of ammonium sulfide molecules
in sulfur-containing wastewater to H2S and NH3. By continuously withdrawing H2S from
the top of the tower and NH3 from the side stream, the continuous hydrolysis of ammonium
sulfide molecules is maintained. At the same time, the H2S and NH3 molecules in the liquid
phase continuously enter the gas phase and separate, facilitating the continuous production
of the single-tower side-stream stripping process [7]. The stripped gas containing H2S
and NH3 is sent to a sulfur recovery unit for sulfur production to meet environmental
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requirements [8]. The purified water after treatment can be used for processes such as
crude oil desalination and water injection in various units, thereby achieving the goals of
reducing overall water consumption and minimizing wastewater discharge [9].

However, the operation of sour steam recovery systems can be severely compro-
mised by corrosion when processing sour water. For example, heat exchanger failures
due to corrosion are quite common and have significant impacts on the safe operation
and energy efficiency of sour steam recovery systems [10,11]. Based on the design of such
systems [10,12], various major incidents such as scaling, leakage, perforations, and even
fractures are common during the actual operation of heat exchangers [13,14]. Statistical
data show that corrosion-related failures account for a significant proportion of heat ex-
changer accidents. Heat exchanger equipment accounts for approximately 20%–30% of the
total equipment in the petrochemical industry [10]. Heat exchanger failures can result in
significant financial losses, environmental contamination, and other serious consequences.
Consequently, corrosion on heat exchanger tubes poses a significant challenge to petro-
chemical plants because perforations in the tubes lead to the leakage of cooling fluid into
the process fluid. This contamination of the process fluid causes significant damage and
product loss [3].

Numerous studies have documented the occurrence of heat exchanger failures due to
primary corrosion mechanisms such as uniform corrosion [15]. For example, Prithiraj et al.
demonstrated pitting and intergranular corrosion on carbon steel and stainless steel in
the presence of a mixed industrial bacterial culture commonly found in industrial heat
exchangers [16]. A study by Wang et al. investigated the cause of cracking failure in
AISI 304 stainless steel heat exchanger tubes after eight months of service. It was found
that the occurrence of intergranular and transgranular cracks could be attributed to the
presence of copper ions, elevated temperatures, and mechanical stresses. To address this
issue, the authors suggested using duplex stainless-steel grade 2205 as a replacement
for the SS304. The researchers found that heat exchanger tubes made of Grade 2205
duplex stainless steel did not fail under the same operating conditions [17]. Dan et al.
improved the toughness and corrosion resistance of 2205 duplex steel by investigating the
inhibition of brittle intermetallic compounds by low-temperature nitriding [18]. Deen et al.
observed the failure of a 316L plate heat exchanger due to pitting corrosion, which they
attributed to the breakdown of the passive oxide film caused by high chloride levels in the
cooling water [19]. Consequently, the control of corrosion in heat exchangers is critical to
system operation. Research has shown that several mechanisms can significantly affect
the performance of a heat exchanger, with corrosion failure being the most significant [3,7].
The causes of corrosion failure include stress cracking [20], erosion [21], and intergranular
corrosion [22]. These phenomena can have detrimental effects on heat exchangers and
even lead to catastrophic failures [14,23]. Heat exchangers serve as essential equipment
in the manufacturing process of sour vapor recovery systems and play a critical role in
the recovery of H2S and liquid ammonia [3]. The persistence of corrosion failures is a
major challenge for heat exchanger systems and a common problem in their design and
operation [24].

Although many types of studies have been conducted on exchanger failures, each type
of equipment has its own failure situation due to the different operating conditions and
working media of the equipment [1,3,25]. The heat exchanger investigated in this study
was used in the sour vapor recovery system of a petrochemical company, and after one year
of operation, corrosion perforation was observed in its outlet flange (DN150*SCH10S,
δ = 3.5 mm). The flange was made of 2507 duplex stainless steel. This heat exchanger
was a third-stage side-gas cooler in the stripping tower of the sour steam recovery unit.
The tube-side medium was circulating water and the shell-side medium was NH3, H2S,
and H2O gas. The operating temperature was approximately 35 ◦C, the pressure was
approximately 0.39 MPa, and the flow rate was approximately 1796 nm3/h, as shown in
Table 1. The overall shape of the heat exchanger is shown in Figure 1, and the corrosion
perforation occurred in the shell outlet flange, as indicated by the yellow arrow in Figure 1a.
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Disassembly of the heat exchanger revealed that both the buckle plate and the tube bundle
at the shell outlet had obvious scour marks, as shown by the arrows in Figure 1b.The
flange had only been in service for approximately one year, but the corrosion rate was as
high as 3–4 mm/y. In contrast, the corrosion rates for the carbon steel short tubes and
flanges at the exchanger outlet were approximately 1–2 mm/y, while the corrosion rate
for the austenitic stainless-steel weld was approximately 2–3 mm/y. We did not find any
significant corrosion thinning in the 316L elbow parts after taking thickness measurements.

Table 1. Heat exchanger-related parameters.

Design Pressure (MPa) Design Temperature (◦C) Operating Pressure (MPa) Operating Temperature (◦C)

Shell Range Tube Range Shell Range Tube Range Shell Range Tube Range Shell Range Tube Range
0.83 0.67 183 80 0.39 0.3 35 30
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Figure 1. The overall shape of the heat exchanger. (a) macroscopic morphology and corrosion sites;
(b) corrosion morphology of the tube bundle and tube sheet at the outlet.

In order to ensure the normal operation of the equipment and avoid the many adverse
effects caused by flange corrosion perforations, it is necessary to determine the causes
of flange corrosion perforations. Therefore, sectional samples were taken at the flange
corrosion site and then analyzed for fracture. By analyzing the fracture morphology, stress
conditions, chemical composition, metallographic structure, and fracture characteristics
of the cracked area, combined with the operating conditions of the heat exchanger and
the composition of the medium, the cause of the cracking was identified. Corresponding
countermeasures were proposed to prevent the recurrence of similar accidents.

2. Materials and Methods
2.1. Materials

The test specimens for this study were obtained from corroded and new flanges
from a refinery in China. The chemical compositions were analyzed by a spectrograph
method [26], and the flanges are listed in Table 2. The analysis results showed that the
chemical compositions of the corrosion flanges and the new flanges met the requirements
of the S2507 duplex steel standard, except for the silicon composition.

Table 2. Chemical composition analysis results (wt.%).

Element C Si Mn P S Cr Mo Ni N

Corroded flanges 0.024 0.56 0.92 0.035 0.001 24.57 3.59 6.94 0.26
New flanges 0.025 0.55 0.93 0.034 0.001 24.66 3.55 6.98 0.25

S2507 ≤0.03 ≤0.08 ≤1.20 ≤0.035 ≤0.020 24.00~26.00 3~5 6~8 0.24~0.32
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2.2. Visual Examination

Figure 2 shows the macroscopic morphology of the corroded flange, revealing the
uniform corrosion thinning within the flange. The neck of the flange (near the weld, shown
by the red arrow in Figure 2a,b,d) had thinned to less than 1 mm, and the austenitic stainless-
steel weld connected to the flange had also experienced significant corrosion thinning,
with a remaining thickness of approximately 1 mm. Corrosion evidence could also be
observed on the inner surface of the elbow (see Figure 2a). From the macroscopic corrosion
morphology, it could be seen that the corrosion of the heat exchanger shell outlet tube
was uniform, with the severity ranking as follows: 2507 duplex stainless steel > austenitic
stainless-steel weld > carbon steel short tube and flange > 316L elbow. Therefore, in
this study, flanges were sampled and analyzed as the object of study(see Figure 2b–d).
Figure 2c,d are partially enlarged views of Figure 2b.
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Figure 2. Corrosion macromorphology: (a) inner wall morphology; (b) 2507 duplex steel flange;
(c) mechanical break; and (d) corrosion thinning perforations.

2.3. Physical and Chemical Testing

Hardness and Charpy impact tests were performed on specimens taken from the
corroded flange and the new flange, and the test temperature was 25 ◦C. The specimen
location is shown in the red box in Figure 1b, where the size of the Charpy specimen was
10 mm × 10 mm. To ensure the accuracy of the data, there were three Charpy specimens
and the hardness test was performed five times. The load for the hardness test was 750 N
and the dwell time was 10 s.

The analysis results showed that the hardness of both the corroded flange and the new
flange was approximately 260 HBW, which met the standard requirement of ≤300 HBW
for S2507 duplex stainless steel [27]. The impact energy values for the corroded flange
and the new flange were 230 Akv/J and 270 Akv/J, respectively, indicating that the flange
materials had good toughness [28].

Samples were taken for metallographic organization analysis, as shown in the red
box in Figure 1b, while samples from different batches of new flanges were taken for
comparison and tested according to the method in GB/T13298-2015 [29]. Duplex stainless
steel has the most appropriate ratio of ferritic and austenitic, approximately half each,
and neither material can exceed 65% to ensure the comprehensive performance of the
duplex steel. If the ratio of the two phases is out of proportion, the corrosion resistance in
some media will be reduced. Figure 3a shows that the metallographic organization of the
corroded flange consisted of α-ferrite + γ-austenite + δ-ferrite + Widmanstatten structures
+ sigma phase(the elongated dark phase is the sigma phase). The ratio of α-ferrite to γ-
austenite was 45:55, which met the requirement for the proportion of a duplex stainless-steel
structure. However, there were larger numbers of δ-ferrite and Widmanstatten structures
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and a small amount of σ-phase, which did not meet the requirements of duplex steel
organization [30]. Figure 3b shows that the metallographic organization of the new flange
consisted of α-ferrite + γ-austenite, with a ratio of α-ferrite to γ-austenite of 50:50, which
met the requirement for the proportion of duplex stainless-steel structure.
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Figure 3. Metallographic organization: (a) corroded flange; and (b) new flange.

To verify the presence of sigma phase, electron metallography was performed using a
scanning electron microscope, and an energy spectrum analysis was performed to obtain
the values of Fe and Cr, as shown in Figure 4. The results of the energy spectrum analysis
showed that the value of Cr was significantly higher than the matrix content. Sigma
phase is a kind of intermetallic phase that often appears in high-alloy steel, and a small
amount of sigma phase in steel will make the toughness and plasticity of the steel drop
sharply, while the precipitation of sigma phase makes its surrounding poor in chromium
and molybdenum, thus reducing the steel’s corrosion resistance [31]. Because the working
condition of the flange was 35 ◦C, the sigma phase should have been produced in the
manufacturing process of the flange, and some research has shown [32] that duplex stainless
steel (in a solid solution state, hot rolled state, or cold rolled state) precipitates sigma phase
when it is heated or slowly cooled at temperatures ranging from approximately 600 to
1000 ◦C. Therefore, the sigma phase produced by an improper heat treatment will have an
accelerated corrosion effect on a flange.
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To further analyze the characteristics and causes of corrosion, the inner surface of
the flange was subjected to scanning electron microscopy analysis. Figure 5a shows the
microstructure of the corroded inner surface of the flange, where distinct grains and grain
boundaries can be observed, indicating that the corrosion of the 2507 duplex stainless steel
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was intergranular selective corrosion, with preferential corrosion occurring at the grain
boundaries and γ-austenite phase. The area analyzed by energy dispersive spectroscopy is
shown in Figure 5c, and the results are shown in Table 3, which indicate that the corrosion
products on the inner surface of the flange were mainly composed of elements such as
carbon (C), oxygen (O), iron (Fe), chromium (Cr), nickel (Ni), molybdenum (Mo), and
sulfur (S).The sulfur contents detected were 2.73 wt% and 6.05 wt%, with no chlorine (Cl)
element detected. Therefore, the major corrosion product was sulfide. Figure 5b shows the
microstructure of the corroded weld, which was similar to the corrosion morphology of
the corroded flange. Clear grains and grain boundaries could also be observed, indicating
that the corrosion of the austenitic weld associated with the flange was intergranular
selective corrosion, with preferential corrosion occurring at the grain boundaries and in the
austenite phase.
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Table 3. Energy spectrum results (wt%).

Element C O Na Si P Mo S Ca Cr Mn Fe Ni K

1 29.55 15.19 0.87 0.35 0.51 3.8 2.73 0.47 10.88 0.65 32.55 2.44 -
2 35.92 13.88 0.67 0.37 0.56 4.34 6.05 - 7.48 0.67 27.63 1.99 0.46
3 16.97 4.36 - 0.83 - 2.72 - - 20.04 1.1 48.66 5.32 -

2.4. Intergranular Corrosion Test

Intergranular corrosion tests were performed on the corroded flange and new flange
specimens according to the test method specified in GB/T4334-2020, Corrosion of Metals and
Alloys—Intergranular Corrosion Test for Austenitic and Ferritic-Austenitic (Duplex) Stainless
Steels—Ferric Chloride Solution Method (F Method) [33], under the conditions shown in Table 4.
We employed the chemical immersion intergranular corrosion test method, that is, the
specimen was immersed in a certain state of the solution to maintain a certain period of time,
and through the test and before and after the test, the specimen changed to characterize
the material intergranular corrosion sensitivity. The evaluation indicators are generally the
following three: 1© the corrosion rate, through the test and before and after the test, as the
change in the mass of the specimen and the exposed area to be calculated; 2© the corrosion
depth, determined using a specimen cross-section after grinding and polishing and the use
of metallurgical microscopy to examine the surface of the specimen’s corrosion depth for
the intergranular corrosion; 3© the bending morphology, where the specimen is bent and
observation of the bending parts of the external surface morphology is conducted. The
results of the tests are shown in Figure 6, where no intergranular corrosion was observed in
either the corroded flange or the new flange specimens. No cracking was observed after
bending, indicating a low susceptibility to intergranular corrosion in the flange materials.
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Table 4. Intergranular corrosion test conditions.

Test Sample Number of
Samples

Sample Size
(mm) Test Solution Sensitization System Testing

Time/h
Bending
Angle/◦

Corrosion
flange 4 58×20×3 Cu-CuSO4−35%H2SO4

(microboil)
700 ◦C Holding

30 min, water cooling 20 90
New flange 4 80×16×3
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2.5. Flow Accounting

According to the recommendations in API932B [34], for a given NH4HS concentration,
the higher the velocity, the more severe the corrosion. To slow corrosion, the process often
limits the velocity to a certain maximum value. For example, the maximum is 6.1 m/s for
carbon steel systems and 9.1 m/s for alloy systems, while the recommended flow rate for
duplex steels is between those of carbon and alloy steels.

The operating conditions of the corrosion flange were taken as the operating pressure
P = 0.39 MPa, the operating temperature = 35 ◦C, the flow rate Q = 1796 Nm3/h, and the
flange inner diameter Di = 161 mm, and the heat exchanger outlet velocity was calculated
according to Formulas (1) and (2).The result of calculation was 7.2 m/s. The connection of
the heat exchanger outlet flange is shown in Figure 1, and the velocity of 7.2 m/s is for the
carbon steel (ferritic), as the 2507 duplex steel (ferritic + austenitic) material is relatively
high, which would accelerate the scouring corrosion of the NH4HS aqueous solution.

V =
Q1
S

=
Q1
πr2 and (1)

P0Q
T

=
PQ1

t
, (2)

where V is the velocity in m/s, Q is the heat exchanger outlet flow rate in Nm3/h, Q1 is
the working flow rate in Nm3/h, r is the inside diameter of the flange in mm, P0 is the
standard atmospheric pressure in MPa, P is the working pressure in MPa, T is the absolute
temperature in K, and t is the working temperature in ◦C.

3. Results and Discussion

The chemical composition of the corrosion flanges conformed to the S2507 duplex
steel standard, except for the silicon content. The hardness of the corrosion flanges also met
the requirements of the S2507 duplex steel standard. At the same time, the flange material
had good toughness. Although δ-ferrite, Widmanstatten structures, and sigma phase were
present in the microstructure, no intergranular corrosion was observed in the intergranular
corrosion test, indicating a low susceptibility to intergranular corrosion. Therefore, the
presence of δ-ferrite, Widmanstatten structures and sigma phase in the microstructure of
the corroded flange was not the primary cause of corrosion, but the presence of σ phase
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accelerated the corrosion of the flange. Due to the instability of the phase interface between
the σ-phase and the substrate, the corrosion would preferentially start from the defects
at this phase interface, but the σ-phase was rich in Cr and Mo elements that have better
corrosion resistance, and the corrosion could only gradually develop to the Cr-poor region
around the σ-phase and even gradually dissolve. When the area around σ phase is corroded,
some fine particles of the σ phase fall off very easily, showing corrosion holes.

According to the characteristics of intergranular and austenite preferential corrosion
and the corrosion products mainly composed of sulfides, as well as the high NH3 content
in the sour aqueous media(pH levels of 9–10 were detected in the outlet separator V108
of E107-II), it was concluded that the corrosion of the flange and weld was due to NH3-
dominated NH4HS aqueous solution jet impingement corrosion (NH3-dominated alkaline
water corrosion). The main reason for this type of corrosion is that when fluid containing
NH3, H2S, and water vapor passes through the cooling process of E107-II, the water vapor
condenses into liquid water in the lower part of the E107 shell side, absorbing NH3 and
H2S from the fluid and forming a high concentration of NH4HS aqueous solution. The
import and export media through the shell process of the heat exchanger were analyzed,
and the composition of each medium is shown in Table 5 [35–37]. Alkaline-sour water
corrosion refers to the corrosion of metallic materials in a sour water environment contain-
ing ammonium hydrogen sulfide (NH4HS), and its corrosive reaction can be expressed as
NH4HS + H2O + Fe→FeS + NH3·H2O + H2.

Table 5. Heat exchanger shell stroke inlet and outlet media compositions (%).

Medium NH3 H2S CO2 H2O Hydrocarbons

Crude ammonia (inlet) 80.86 8.94 0 10.20 0
Crude ammonia (exits) 95.04 3.92 0 1.04 0

Condensate (exits) 36.74 24.56 0 38.70 0

Experimental corrosion studies have shown [38–40] that the main influencing factors
of alkali-sour water corrosion include pH, NH4HS concentration, flow rate (shear stress),
hydrogen sulfide partial pressure, metal material composition, etc. In general, the corrosion
rate increases with increases in NH4HS concentration, flow rate (shear stress), and hydrogen
sulfide partial pressure. The effect of pH is more complicated. As shown in Figure 7, when
the pH is in the range of 7–9, the corrosion in alkaline-sour water corrosion is dominated
by H2S, and the corrosion rate decreases with increases in pH. When the pH is in the
range of 9–11, the corrosion in alkaline-sour water corrosion is dominated by NH3, and the
corrosion rate increases with increases in pH [38]. In addition, the corrosion resistance of
the metal material varies under the two corrosion modes of H2S-dominated corrosion and
NH3-dominated corrosion.
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The corrosion experiments have shown that under the NH3-dominated corrosion
mode, the corrosion of metallic materials has the following characteristics:

(1) Under all reference conditions, the corrosion rate of carbon steel is generally less than
0.64 mm/y.

(2) When the concentration of NH4HS is 25 wt% and the flow rate is 24 m/s, the corrosion
rate of 316L exceeds 1 mm/y, which is twice the corrosion rate of carbon steel under
the same conditions.

(3) Alloys 2205 and 2507 have similar corrosion curves to 316L. Under the most severe con-
ditions (an NH4HS concentration of 25%, a flow rate of 24 m/s, and PNH3 = 620 kPa
absolute), the corrosion rate of alloys 2205 and 2507 exceeds 1.5 mm/y, which is
1.5 times that of 316L under the same conditions and 3 times that of carbon steel.

(4) Under the most severe conditions (an NH4HS concentration of 25%, a flow rate of
24 m/s, and PNH3 = 620 kPa absolute), the corrosion rate of alloys 825 and C-276 is
less than 0.05 mm/y.

(5) Nickel-based alloys have shown excellent corrosion resistance in highly alkaline
NH4HS solutions.

Based on the above data, the corrosion resistance ranking of commonly used metal
materials under an NH3-dominated corrosion mode is as follows: 2507 < 316L< carbon
steel < 825 < C276. This ranking is consistent with the corrosion behavior of E107-II carbon
steel pipes, austenitic welds, 2507 flanges, and 316L elbows, which further confirms that the
corrosion of E107-II carbon steel pipes is dominated by NH3 in alkali-sour water corrosion.

4. Conclusions and Recommendations

Based on the above analysis, the main cause of the rapid corrosion of the E107-II
shell-side outlet flanges and welds is the transport of NH3, H2S, and water-vapor-rich
fluids through the cooling section of the E107-II. The water vapor condenses to liquid water
in the lower part of the E107 shell side and absorbs NH3 and H2S from the fluid, forming
a highly concentrated NH4HS water solution. Secondary factors include a higher flow
velocity and the presence of δ-ferrite, Widmanstatten structures, and σ-phase in the flange
metal microstructure, which can accelerate corrosion and lead to perforations in the flanges
over time. Therefore, the following preventive measures can be taken:

(1) In NH3-dominated NH4HS water-solution corrosion environments, it is not recom-
mended to use 300 series austenitic stainless-steel materials (such as 304, 316L, etc.)
and duplex stainless steels (such as 2205, 2507, etc.). It is recommended to use carbon
steel with enhanced supervision or to upgrade to corrosion-resistant materials such
as alloys 825, C-276, etc.

(2) Depending on the processing capacity of the equipment and the amount of gas, it is
recommended to increase the diameter of the E107-II shell-side outlet pipe accordingly
to reduce the flow velocity.
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