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A B S T R A C T

The present study aims at investigating the incidence of internal cracks in Type 304 austenitic
stainless steel cladding wall of Methyldiethanolamine (MDEA) regenerator column in amine
treating unit. The toxicity of hydrogen sulfide (H2S) makes it difficult to reproduce the exact
service conditions in regenerator column; therefore, it was substituted with thiosulfate solution.
Slow strain rate testing (SSRT) was performed on specimens in simulated process environment of
MDEA regenerator at 83+ 3 °C. In order to analyze and compare the data which collected,
constant load (CL) and fracture mechanics (FM) techniques were applied by the researchers. After
the failing, the fracture surfaces were observed through a scanning electron microscope (SEM)
and were chemically analyzed using energy dispersive X-ray (EDXs) techniques. The results re-
vealed that elongation ratio (ER), reduction in area ratio (RAR) and time to failure ratio (TTFR)
increased rapidly in corrosive solution in the presence of 5%MDEA compared with the absence of
MDEA. In addition, the specimen tested in thiosulfate solution (corrosive solution) without
MDEA indicated a brittle type of failure, whereas those in the MDEA solution showed a ductile
fracture.

1. Introduction

In amine treating units, gas and liquid hydrocarbon streams may contain acidic components such as H2S and carbon dioxide
(CO2). These units operate at low and high pressure to eliminate, through contact with and absorption by an aqueous amine solution,
such acidic components from process stream [1]. The lean (regenerated) amine solution flows counter to the contaminated hydro-
carbon streams in the column and absorbs the acidic components during the process. The Amine Regenerator Column is a vertical
column 38m high, and has an outside diameter of 3m. After exchanging heat with lean amine leaving the regenerator in the lean-rich
heat exchanger, the rich amine feed enters near the top of the column, at the 20th tray, ranging from 83° to 95 °C and 10–15 psi. The
rich (contaminated) amine solution is fed into a regenerator (stripper) tower, where the acidic components are removed through the
reduced pressure and the heat supplied by a reboiler [2–4]. The diagram of MDEA gas sweetening process is shown in Fig. 1.

Therefore, the amine solutions, which contain chloride ions and hydrogen sulfide, lead to SCC, Chloride Stress Corrosion Cracking
(CLSCC), and Sulfide Stress Corrosion Cracking (SSCC) in low alloy steels and corrosion resistant alloys (CRAs) such as stainless steels
and Ni-based alloys [4–6].

Austenitic grades are types of stainless steels mostly used in refinery equipment and amine units. Stainless steels are susceptible to
the partial occurrence of intergranular corrosion and intergranular stress corrosion cracking (IGC/IGSCC), which are of common
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types of damages in these plants [7–10]. Sensitization is resulted from the formation of chromium carbides (usually Cr23C6) during
the heat treatment or welding in the manufacturing process of cladding materials or other equipment. Moreover, it was found that
cold work leads to the precipitation of fine particles of chromium carbide on grain boundaries. The segregated chromium carbides
make the locations around the grain boundary less passive; therefore, the grain boundaries corroded more easily compared with the
substrate. The applied or residual stress helps the crack to be opened at the grain boundary, resulting in intergranular SCC. Con-
sequently, both IGC and IGSCC are of a similar electrochemical nature [7,11–13]

On the other hand, cladding is a surface engineering process, protecting substrate materials to maximizing their performance.
Cladded steel is characterized by the economic efficiency and improved corrosion resistance. The improvement can be achieved
simultaneously by combining the great corrosion resistance of the cladded material and the appropriate toughness and strength of the
base metal, particularly at high temperature applications [13–15]. In many cases, it is difficult to simulate actual service experience
using conventional statically stressed specimens under laboratory conditions that simulated those manufacturing in-service failures.
However, when slow strain rate testing was employed, better correlation between laboratory and plant experience was achieved.
Fig. 2 shows Type 304 austenitic stainless steel internal cladding of amine regenerator column in amine treating unit which have been
suffering from cracking after a long-term operation.

For working safely in plants that contain toxic elements like H2S, it is necessary to find root cause and failure analysis of these
equipment to aware of damage mechanisms in order to extend their life and reduce the costs associated with component replacement.
Furthermore, it is necessary to improve the repairmen of the applied method [1]. The NACE-TM0198 standard presents the testing
method “SSR” for screening CRA materials like stainless steel to be resistant to SCC in simulated oil production environments. Given
the fact that this testing method is one of the screening kind, the need is felt for supplementary evaluation or additional experience
before materials selection [16–20].

In a project, the Japan Society of Corrosion Engineering (JSCE) addressed pitting corrosion in sour environments and found that
thiosulfate might be the most suitable ion substituting H2S in order to help examine the corrosion tendency of stainless steels in sour
environments [17]. The findings reveal that thiosulfate could be used as a substitute for H2S in the investigation of SCC susceptibility
of CRAs and low-alloy steels in sour environments [17,19]. During the last decade, many studies have been done on the corrosion
behavior of stainless steels in H2S or/and Cl− environments. Tsay et al. concluded that sulfide stress corrosion cracking of Type 304 L
stainless steel in saturated H2S solution was susceptible to rolling temperature and sensitization treatment [21–23].

In most cases, the SSR technique was known to be better than other sensitivity testing techniques. The main function of SSR
testing is to analyze cracking susceptibility, or conversely, cracking resistance. This is usually accomplished by measuring the ratio of
ductility parameters to that measured in an inert environment such as air, inert gas, or oil. Quantitative criteria for passing/failing
based on the fracture surface morphology have been incorporated into the test standards developed by ASTM, NACE, or ISO. For most
applications, SSR test ratios have been required based on time to failure, elongation, or reduction in area, or a combination there of,
with no evidence of environmentally assisted cracking in the gauge section of the specimen [24–26].

In this work, the incidence of internal cracks in Type 304 austenitic stainless steel cladding wall of Methyldiethanolamine (MDEA)
regenerator column in amine treating unit were examined using slow strain rate testing (SSRT), constant load, and fracture me-
chanics. SSRT was performed on specimens in simulated process environment of MDEA regenerator. Finally, SEM-EDS was employed
for analysis of fracture surface and elongation ratio (ER), reduction in area ratio (RAR) and time to failure ratio (TTFR) were
measured.

Fig. 1. MDEA Sweetening Gas Process and Amine treating unit.

J. Amini et al. Engineering Failure Analysis 90 (2018) 440–450

441



2. Experimental procedure

2.1. Microstructure and mechanical analysis

The material used in this research was rod-shaped Type 304 stainless steel with a diameter of 3.8mm. The steel was solution
treated at 1050 °C for 2 h, then it was water quenched. Then, it was sensitized for 2 h at 650 °C. Metallographic specimens were cut,
polished, and then etched with oxalic acid to help classify the structures of austenitic stainless steels based on ASTM A262. Step
structure and ditches on grain boundaries was determined on a Scanning Electron Microscope (SEM) at 3000×, as observed in Fig. 3.
In microstructure of the material, the more the carbon was, the more the carbide precipitated. Hence, the carbon heats lower than
0.08 wt%, C are less susceptible than ones higher than it.

The chemical composition in weight percent and the mechanical properties of the steel are tabulated in Tables 1 and 2, re-
spectively.

The test was conducted at 83 ± 3 °C. The specifications of all three solutions are shown in Table 3. The first solution was
considered as an inert environment.

2.2. SSRT specimen preparation

Slow strain rate test specimens were manufactured according to NACE-TM0198. The gauge length of specimens was 28.3mm and
their diameter was 3.8 mm (Fig. 4). Machining tolerance was kept to be 0.02mm in order to remove any oxide scales present. The
exposed fresh specimens were polished to 1200 grit using standard grinding paper. Then, it was degreased with acetone and rinsed
with distilled water before mounting for SSR test.

Fig. 2. MDEA regenerator column in amine treating unit. (a) MDEA Regenerator; (b) inlets and outlets of regenerator column;(c and d) cracks in
structural of 304 austenitic stainless steel cladding.
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2.3. Slow strain rate testing (SSRT)

Stress corrosion cracking test device is shown in Fig. 4. The test specimen was mounted by insulating and leak-tight fittings. One
end of the specimen was kept stationary through being locked in the bottom of the cell and the strain was applied to the other end
through a motor assembly and connecting shaft. The thermocouple placed in the test solution close to the test specimen gave
feedback to the temperature controller which in turn controlled the heating element to regulate the temperature of the solution. The
applied force was recorded through a load cell at a regular interval of 1 h. The test temperature was in the range of 83± 3 °C and
SSRT were performed at a strain rate of 8×10−6 s−1. Carbon dioxide partial pressure was fixed at 1.0MPa.

While carrying out the SSR tests, the attention was taken to the avoidance of any discrepancy of results due to the formation of
localized galvanic cells. Integrity of the electrical insulation was maintained throughout the test by isolating the test specimen from
the body of the corrosion cell using o'ring seal and varnish. The exposed area of the test specimen was limited to the gauge length and

Fig. 3. SEM micrograph of slightly sensitized specimen.

Table 1
Chemical composition of 304 austenitic stainless steel (wt%).

Element C Cr Ni Mn Si P S others Fe

Content 0.054 18.027 8.422 1.448 0.346 0.042 0.012 1.649 Balanced

Table 2
Mechanical properties of used AISI 304 austenitic stainless steel conducted test per ASTM E8/E*M.

YS0.2% (MPa) UTS (MPa) Elongation (%) Reduction in area (%)

Slightly-sensitized 364 635.5 53 81

Table 3
Slow strain rate testing condition of 304 stainless steel in air and three solutions.

Environment pH Temperature

Air – 25 ± 3 °C
45wt% MDEA+0.3 wt% NaCl 10.5 83 ± 3 °C
20wt% NaCl+ 10−3 M Na2S2O3 5.5 83 ± 3 °C
20wt% NaCl+ 10−3 M Na2S2O3+5wt% MDEA 5.5 83± 3 °C
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the other regions were insulated applying varnish (Fig. 4).The gauge sections of the failed specimens were thoroughly cleaned
through ultrasonic cleaning in an inhibited acidic solution. This was done to remove any corrosion products and oxide layers present
on the fracture surface.

A primary constant applied stress of 180MPa was used to exhibit the SCC-dominated region for Type 304 in all test solutions. All
experiments were carried out under an open circuit condition to simulate natural consequences of corrosion. A change in elongation
of the specimens at strain rate of 8× 10−6 s−1 was measured with a precision of± 0.01mm. The susceptibility to SCC was expressed
in terms of the percentage reduction in area (RA %), calculated for circular fracture surfaces by the following expression according to
the NACE TM-0198 standard:

=

−RA D i D f
D i

2 2

2 (1)

Df and Di are final and initial diameters of the tensile specimen, respectively. The area reduction ratio after fracture for the
specimen in the tests environment (RAe) to the corresponding value determined in the control environment (RAc) was calculated
according to the following expression:

=RRA RAe
RAc (2)

3. Results and discussion

3.1. Fractographic evaluation

Both halves of the failed gauge section of the SSR test specimen were visually examined to evaluate the fracture surfaces, pri-
marily the differences between intergranular corrosion/brittle fracture and ductile fracture. Fig. 5 shows fracture surface scanned by
low magnification scanning electron microscopy and SEM micrographs of tensile fractured specimens.

Fig. 5(a) presents typical ductile behavior with no indication of SCC on the primary fracture surface and Fig. 5(b) illustrates
number of small dimples with cup and cone structure, which is a typical characteristic of the ductile fracture. Due to the tensile load,
the material stretches and experiences plastic deformation. As the plastic deformation increases, small openings begin to appear
inside the material at the center of the necked region. These holes are known as micro voids. The micro voids develop and join
together to form continuous cavity within the center of the necked region. Once the void in the center of the specimen reaches a
certain size, the sample endures fast fracture. The fast fracture region typically occurs at 45° to the plane of tensile load, which creates
a lip around the fracture surface [27].

Fig. 5(c) shows fracture morphology of stainless steel after SSRT in 20wt% NaCl, 10−3 M Na2S2O3 in the absence of MDEA.

Fig. 4. Schematic of SCC test apparatus with specimen geometry in 83 ± 3 °C condition at strain of 8×10−6 s−1.
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Secondary cracking was observed at the gauge section. As observed in Fig. 5(c), the fracture of the test specimen shows no sign of
necking phenomenon and reduction in area. Therefore, the brittle fracture and secondary cracking resemble SCCs. According to the
corresponding microscopic morphology, the fracture revealed cleavage pattern (Fig. 5(d)). The cleavage fracture initiated by in-
tergranular cracking or strain induced cracking of chromium carbide particles. Crack-branching and secondary cracking are shown in
Fig. 5(d). Cracks frequently propagate by cleavage, i.e. breaking of atomic bonds along specific crystallographic planes (cleavage
planes).

In order to simulate the solution of amine regenerator column, the specimen was tested in the presence of 5 wt% MDEA in 20wt%
NaCl+ 10−3 M Na2S2O3. As observed in Fig. 5, the fracture morphology and SEM micrographs of specimens are very similar to the

Fig. 5. The Fracture morphology of slightly sensitized of Type 304 stainless steel fractured in three solutions. (a) Necking of specimen in inert
environment with 45wt% MDEA+0.3 wt% NaCl; (b) Cup-cone fracture morphology; (c) Corrosive solution in absence of MDEA (d) Fracture
surface with irregular crack-propagation path; (e) Necking specimen in gauge section in 5%MDEA; (f) 20 wt% NaCl+10−3 M Na2S2O3 in presence
of 5%MDEA similar to (b).
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first solution. Necking in gauge section and formation of dimples with cup-cone fractures are the signs of ductile behavior in the
presence of MDEA test solution. Although Fig. 5(b) and (f) are identical, secondary cracks can be seen in gauge section of Fig. 5(e).

Fig. 6(a) and (c) along with Fig. 6(d) and (f)6(d) and 6(f) indicate the necked region of the gauge section and significant reduction
of area as an indication of ductile behavior of specimens in the presence of MDEA. Formation of chromium oxide (Cr2O3) film was
instantaneously seen on the specimen surfaces. This film protects stainless steel from corrosion and is known as “passive” film. The
uniform corrosion rates of stainless steels remain very low due to the protective nature of this passive film in 5 wt% MDEA solution.
Furthermore, the solution with 5 wt% MDEA+20wt% NaCl shows no indication of film rupture on the surface of specimen (Fig. 6(c)
and (f)).

Fig. 6(b) illustrates crack branching and secondary cracking, which are common in SCC. The passive film was locally broken due
to the segregation of aggressive ions in the environment.

SEM of Type 304 stainless steel specimen demonstrates fracture surface which was failed by intergranular SCC as a result of
exposure to 20 wt% NaCl+ 10−3 M Na2S2O3 (Fig. 7). The fracture surface reveals a flat brittle fracture and crack interferences into
the matrix on cleavage planes (Fig. 6(e)).The cleavage fracture was initiated by intergranular cracking of the second phase particles.
The cracks preferentially branched in the axial direction. The fracture takes place within the grains, and the crack propagates along
the grain boundaries which are already weakened or embrittled by impurity segregation (Fig. 8)

Easy breakage of the surface film over the chromium depleted regions and easy crack propagation are shown in Fig. 9. Energy

Fig. 7. SEM image of surface and passive chromium oxide film rupture with the result of EDS analysis.

Fig. 8. Metallurgical microscope of Intergranular Stress Corrosion Cracking (IGSCC) of 304 austenitic stainless steel in 20wt% NaCl+ 10−3 M
Na2S2O3. 100×.
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dispersive X-ray spectroscopy (EDS) measurements were performed on gauge section after being cleaned with acetone in an ultra-
sonic bath in order to eliminate solution precipitations.

3.2. Stress corrosion cracking (SCC)

Slow strain rate testing is a test widely used in the evaluation of the susceptibility of various materials to SCC. Fig. 10 shows the
reduction of “area” and “time to failure” obtained by running slow strain rate tests on the specimens in three solutions and air
environment. Fig. 11 shows the stress versus strain performance obtained by slow strain rate tests carried out on slightly sensitized
Type 304 stainless steel specimens in air and three other solutions at 83°C. Since no SCC was observed in suggested inert environment,

Fig. 9. The breakdown of protective layer (Cr2O3) on Type 304 stainless steel surface at 8× 10−6 s−1 strain rate and in solution of 20 wt%
NaCl+ 10−3 M Na2S2O3+5wt% MDEA at 83 °C (left) and the result of EDS analysis of fracture surface (right).

Fig. 10. The comparison of ductility parameters in three different solutions with air environment.
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therefore in our manuscript, 45 wt% MDEA+0.3% wt% NaCl was chosen as inert environment (comparing with air and two other
solutions containing 20 wt% NaCl+ 10−3 M Na2S2O3). The purpose of this selection was a better comparison with other process
conditions in gas treating unit. In all the cases, the specimens failed before the maximum time set for the inert environment test (Air
or 45 wt% MDEA). The results indicated that specimen failed after about 4 days of being kept in solution of 20 wt% NaCl+ 10−3 M
Na2S2O3. However, the specimen ruptured after 20 days when 5wt% MDEA was introduced into the corrosive solution.

The specimen tested in MDEA 45%+0.3 wt% NaCl showed the maximum reduction in area. The area reduction ratio after
fracture was calculated using Eq. (2). Ratios in the range of 80–100 normally represent high resistance to environment assisted
cracking (EAC), whereas low values (i.e., < 50) show high susceptibility [28]. Plastic strain-to-failure ratio and reduction in area
ratio are tabulated in Table 4. As observed, specimens tested in solution 20wt% NaCl+ 10−3 M Na2S2O3 in the absence of MDEA
exhibited high susceptibility to SCC. It seems that CLSCC does not represent the main mechanism of corrosion. According to API 571,
when temperature amounts to a level above 60 °C, the susceptibility to cracking increases. However, the addition of 5 wt% MDEA to
the solution does not result in CLSCC. Secondary cracking observed in gauge section of specimen tested in 5 wt% MDEA solution
(Fig. 12) and the presence of sulfur inside the cracks revealed that sulfur had significant effects on the behavior of specimen in that
temperature (Table 5). Therefore, further investigations will be required for determining the mechanism of cracking.

4. Conclusions

The conclusions of this paper are listed as follows:

1- Due to the corrosion caused by the presence of sulfide, the failure mechanism of SCC in 20wt% NaCl+ 10−3 M Na2S2O3 solution
in the absence of MDEA for Type 304 stainless steel was intergranular cracking. However the slight effect of chloride ions should
also be considered.

2- The slightly sensitized microstructure of Type 304 stainless steel at high temperature (83°C) led to intergranular corrosion and
film rupture.

3- The Type 304 stainless steel cladding was found to be an acceptable material for being used in amine regenerator columns in gas
treating units.

4- Addition of 5 wt% MDEA to the aqueous corrosive solution improved mechanical properties of Type 304 stainless steel specimens.
The results obtained by the tests were identical to those from the air environment.

Fig. 11. Stress-strain curves of slightly sensitized austenitic stainless steel achieved in different solutions.

Table 4
Ductility parameters comparison with inert environment.

Environment Ep (%) %RA EpR (%) RAR (%)

Air 62.4 89.5 – –
45wt% MDEA+0.3 wt% NaCl 65.74 94.44 – –
10−3 M Na2S2O3+20wt% NaCl 0.45 22.74 0.69 24
5 wt% MDEA+10−3 M Na2S2O3+20wt% NaCl 20.35 76.55 30.95 81
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