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Abstract
The present study focused on stress corrosion cracking (SCC) and corrosion
behavior of ferritic stainless steel (grade 430) in activated methyl diethanolamine
(aMDEA) solution, which is classified as a tertiary amine. In this regard, cyclic
polarization and U-bend tests were performed in CO2 loaded aMDEA with different
concentrations at 25 and 70 °C to observe corrosion behavior and also the
possibility of crack initiation. Based on the obtained results, it was found that the
corrosion rate increased in concentrated amine solutions. Also, by increasing
temperature from 25 to 70 °C both corrosion rate and susceptibility to SCC
initiation were intensified. Increment of amine concentration and also increase in
temperature led to more absorption of CO2, generating a more acidic solution.
Overall it could be stated that while for the grade 430 stainless steel investigated in
this study corrosion and cracking was observed Therefore it could be concluded
that in amine-containing environments this steel is not a very suitable alternative
for carbon steels, which are commonly used in these environments.
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Introduction
Natural gas sweetening and CO2 emission by alkanol amines first were submitted by Bottoms
in the 1930s [1]. Nowadays alkanol amines are used in a variety of industries, including
ammonia production, hydrogen production, gasification of extracted coal, gas synthesis for
chemicals usage, ethylene manufacturing, and purification of natural gas [2].
The amounts of impurities in extracted natural gas are salient, which adversely affects all
equipment that is facing natural gas. H2S and CO2 (called acidic gases) are recognized as two
main contamination sources in natural gas processing [3]. Among all of the technologies used
for purification of natural gas from acidic gas contaminations, alkanol amines are most popular
nowadays. Alkanol amine process is efficient from the process point of view [4]. Although
there are various types of amines, MDEA is preferred due to its lower costs and higher
efficiency [3].
Amine solutions have some negative points, including the generation of unwanted
combinations like special salts and compounds resulted from amine degradation [5]. Mentioned
pollutants would lower the rate of acid gas absorption and increases the corrosion rate [6,7].
Amine solutions may not cause corrosion intrinsically, but they are eligible to become corrosive
as a result of acid gas absorption or anions from amine degradation [4,8,9].
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From the 1950s, corrosion in gas sweetening plants which uses amine solutions was
considered due to human, environmental and financial hazards [2,10-12]. Almost 25% of the
maintenance budget for gas sweetening plants is being used for corrosion damages [13,14].
Most of the components degraded by corrosion in these plants are made from carbon steels.
Carbon steels are being used for plant construction and piping since they are low priced,
accessible and easily manufactured [4,10]. However, usually, the hot spots in amine gas
sweetening units are made of more heat/corrosion-resistant materials. In this regard usually,
stainless steels are the first choice, due to their superior corrosion resistance.
Since ferritic grades have lower cost as compared to other grades (e.g. austenitic and duplex),
it is worth investigating whether it could be used as an alternative for carbon steels in order to
reduce the corrosion damages. In this regard, one of the most detrimental types of localized
corrosion for stainless steel is stress corrosion cracking (SCC) [6,11,15]. Therefore, the
objective of the present study is to investigate corrosion and SCC resistance of grade 430
stainless steel in activated Methyl Diethanol Amine (aMDEA) solution, at two different
temperatures.

Materials and Methods
Grade 430 ferritic stainless steel with a three-millimeter thick sheet was supplied. In order to
minimize carbides in the structure, solution annealing at 1050 °C was done for half an hour
followed by water quench. Chemical analysis of the stainless steel sheets was done by Arun
Spark Emission Spectrometer model PMI MASTER SMART. Tensile test was done by means
of a Wolpert FM2750 tensile measuring machine. A Koopa pajoh UV1 test machine was used
to measure the hardness of the samples. Phase identification of the heat-treated specimen was
done by diffraction method (XRD) using a Philips Xpert MD, and results were analyzed by
Xpert high score plus software.
For investigating the corrosion behavior of 430 stainless steel specimens in aMDEA
solution, a cyclic polarization test was performed. Specimens with area 2cm2 were cut from
sheets, mounted in epoxy resin with insulated copper wire. Then polishing was performed up
to No. 1200 by an emery paper. Corrosion tests were done in the same environment as the SCC
tests. An IVIUMSTAT potentiostat was selected for cyclic polarization tests in three-electrode
configuration corrosion cell. The reference electrode was Standard Saturated Calomel Electrode
(SCE) and Platinum (Pt) as the counter electrode. The scanning rate was 0.5 mV/s for
polarization tests. Specimens were kept in the aMDEA solution 1 hour prior to running each
polarization test for reaching OCP condition.
In order to observe the SCC initiation process, constant load U-bend method was chosen
based on ASTM G30-97. In this regard, sheets were first cut into proper dimensions. Then
drilling was performed to make holes for bolting. Fig. 1 shows the dimensions of the U-bend
specimens used in this study.
Prepared specimens were stress relieved before bending at 150 °C for 1 hour. Then
specimens were polished up to 1200 grit by silicon carbide emery papers to reduce scratches.
U-bend specimens were bent by bolts made from the same material through ceramic insulators.
U-bend specimens were cleaned by ultrasonic for 15 minutes, then decreased by acetone, rinsed
with distilled water and dried by an air stream. The outer surface of U-bends was examined by
Philips X230 scanning electron microscope to inspect whether any cracks have initiated after
the SCC test duration.
In the present study, activated methyl diethanolamine (aMDEA) was the environment for
SCC and cyclic polarization tests. Table 1 shows selected chemical and some physical
properties.
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Fig. 1. Dimensions of U-bend specimens (millimeters).
Table 1. Chemical and physical properties of aMDEA solution used in this study.
Full chemical name
Activated Methyl Diethanol Amine
Chemical formula
C5H13NO2
Molar mass (g/mol)
119.17
Boiling point (°C)
247
Freezing point (°C)
-21
Flash point (°C)
127
Density at 20 °C (g/cm3)
1.0426
Latent heat of vaporization (kJ/kg)
541.958

Fresh aMDEA was supplied as the base environment for corrosion and SCC initiation tests.
To study how solution concentration affects SCC initiation of grade 430 stainless steel, aMDEA
solution of 30, 40 and 50 wt% was used which were diluted by deionized water. Sealed
containers were used for keeping solutions. SCC and corrosion tests were done at 25 and 70 ºC
within ±2 °C. In order to deaerate solutions, nitrogen gas (99.999%) was purged to solutions
for 1 hour. Then 99.99% CO2 gas was purged into all of the solutions until stability of pH,
afterward U-bend specimens were immersed in prepared environments for the duration of 60
days. The schematic of the process is shown in one of our previous work [16].
Table 2 shows the test conditions used for the specimen coding in this study. Specimen
nomenclature consisted of 2 couples of numbers as the temperature in degree Celsius and amine
concentration based on weight percent.
After the SCC test duration, U-bend specimens were removed from amine solutions, washed
with water and acetone. The apex of specimens was examined for possible initiated cracks by
Scanning Electron Microscope (SEM), model Philips X230.
Table 2. Nomenclature of specimens and test conditions
Temperature (°C)
aMDEA concentration (wt%)
25
40
70
50

206

Panahi and Eslami

Results and discussion
Materials characterization
Table 3 shows the chemical analysis of grade 430 stainless steel. Since this grade is ferritic, the
amount of Ni is very low and Cr is the second major element, after Fe. Also, selected
mechanical properties of supplied 430 stainless steel are provided in Table 4.
C
0.08

Table 3. Chemical analysis of supplied material, 430 stainless steel
Mn
Si
Cr
Ni
Mo
S
P
0.4
0.5
17.1
0.35
<0.05
<0.03
<0.006

Fe
Bal.

Table 4. Mechanical properties of supplied material, 430 stainless steel
UTS (Mpa)
YS (Mpa)
Elong. (%)
Hardness (BHN)
496±13
306±9
23±1.7
153.3±2.2

X-ray diffraction pattern of 430 stainless steel can be seen in Fig 2. As shown in the figure,
ferrite (α) peaks are sharp and indicate planes of the BCC structure of the ferrite phase. These
peaks are in conformity with the accepted patterns for this alloy [17].

Fig 2. X-ray diffraction pattern of grade 430 stainless steel

Cyclic polarization
Figs. 3-5. shows corrosion behavior of grade 430 specimens in the 30, 40 and 50 wt% aMDEA
solution. As understood from the figures, Ecorr is the same at both 25 and 70 °C, while icorr and
especially ip have increased from 25 to 70 °C. This result clarifies the role of temperature in
anodic behavior even in a passive manner.
Also, the stability of the passive layer (Epp-Eb) has decreased at the higher temperature.
Temperature increment would increase reaction kinetics, degradation and oxidative agents
which destabilize the passive layer at high potentials. At higher temperatures, cations at the
interface of the metal-passive layer diffuse faster through passive layer toward electrolyte,
which weakens passive layer stability, increases current density and enhances corrosion rate.
Also, previous studies have shown that temperature increment acidifies amine solutions since
it drops pka values [18]. Hydrogen diffusion rate (DH+) and activity (µH+) are increased at higher
temperatures, thus corrosion kinetics accelerates [19]. Degradation products which are resulted
from high-temperature reactions, facilitate electron pass since they amplify electrical
conduction of the amine solution [3,15].
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The absence of beneficial elements like Ni and Mo in ferritic stainless steel grades lowers
the efficiency of the passive layer. Previous studies have claimed that Mo decreases current
density in the active region, shifts corrosion potential to more noble values and also increases
the durability of the passive layer [20].

Fig 3. Cyclic polarization curves of grade 430 stainless steel in 30 wt% aMDEA at 25 and 70 °C.

Fig 4. Cyclic polarization curves of grade 430 stainless steel in 40 wt% aMDEA at 25 and 70 °C.

Fig 5. Cyclic polarization curves of grade 430 stainless steel in 50 wt% aMDEA at 25 and 70 °C.
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By comparing results from Table 5, it is obvious that increasing amine solution concentration
enhanced the corrosion rate.
Table 5. Numeric results of cyclic polarization tests of 430 stainless steel specimens in aMDEA solution.
Ecorr
icorr
Epp
ip
Eb
Epp-Eb
CR
Sample
(V)
(µA/cm2)
(V)
(µA/cm2)
(V)
(V)
(mpy)
2530
-0.8
20.51
-0.72
5.12
0.49
1.21
14.13
7030
-0.79
35.45
-0.73
13.35
0.38
1.12
24.43
2540
-0.78
24.51
-0.71
5.73
0.48
1.19
16.89
7040
-0.78
39.47
-0.72
12.05
0.34
1.06
27.21
2550
-0.8
26.85
-0.71
5.8
0.44
1.15
18.50
7050
-0.83
46.36
-0.72
15.18
0.30
1.03
31.96

The more amine concentration, the more bi-carbamate and also more degradation products.
Mentioned spices increase corrosion kinetics [4,21]. Following reactions explain how corrosion
rate increases in more concentrated amine solution [22]:
RNH2 + CO2 = RNHCOO- + H+
RNH2 + H+ = RNH3+
CO2 + R3N + H2O = R3NH+ + HCO3HCO3- = CO32-+ H+
Fe + 2R3NH+ = Fe2+ + H2 + 2R3N
Fe + H2O + CO2 = FeCO3 + H2

(1)
(2)
(3)
(4)
(5)
(6)

On the other hand, there are more H+ ions in concentrated amines based on reaction 4. H+
ions are the foundation of corrosion reactions and hydrogen-induced cracking (HIC). Fig. 6
summarizes the correlation of icorr, amine concentration, and temperature.

Fig. 6. Correlation of icorr, amine concentration, and temperature.

Stress corrosion cracking
Fig 7. shows typical cracks which were identified on the surface of U-bend specimens. Microcracks were perpendicular to the loading axes as can be seen from the figure. The crack tip has
a 45° direction that implies how maximum shear stress has facilitated the crack initiation [23].
Table 6 indicates the average size of cracks on the U-bend specimens. The size of the cracks
has increased at higher temperatures and concentrated amine solutions. Each parameter that
leads to a higher corrosion rate could intensify SCC since anodic dissolution has a significant
role in film rupture mechanism 24. In this mechanism, the passive layer which is consisted of
oxides is broken by stress. At this time, crack tip which provides fresh metal could react with
the solution and will corrode. Also, a galvanic couple is formed between the passive layer and
unprotected metal at the crack tip, due to the nobility of the passive layer.
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Fig. 7. Typical cracks on the surface of U-bend specimens
Table 6. Micro-crack length at 25 and 70 °C in different concentrations of aMDEA after the U-bend SCC test.
Sample
Micro-crack length (µm)
2530
12± 1.3
7030
12.4 ± 4.36
2540
13.63± 2.8
7040
17.84± 6.17
2550
21.21± 1.2
7050
32.4± 1.5

Conclusions
1. For the grade 430 stainless steel investigated in this study corrosion and cracking in
aMDEA containing environment was observed. Therefore it could be concluded that in
amine-containing environments this steel is not a very suitable alternative for carbon
steels, which are commonly used in these environments.
2. The corrosion rate of grade 430 stainless steel increased in aMDEA solution with an
increased in aMDEA concentration from 30 to 50 and also temperature from 25 to 70.
This was due to the higher absorption rate of acid gases, bi-carbamate, H+ ion,
degradation product and a higher rate of reactions.
3. The initiation of micro-cracks happened mainly 45º and 90º respect to the loading axis
which is in accordance with the maximum shear stress.
4. Longer cracks were formed at high temperatures and amine concentrations. This was
explained by the faster kinetics of corrosion reactions at the elevated temperatures and
also amine concentrations.

Acknowledgments
The authors would like to appreciate the supports of Isfahan University of Technology.

References
[1] Roger BR, inventor; Girdler Corp, assignee. Process for separating acidic gases. United States
patent US 1,783,901. 1930 Dec 2.
[2] Soosaiprakasam IR, Veawab A. Corrosion and polarization behavior of carbon steel in MEA-based
CO2 capture process. International journal of greenhouse gas control. 2008 Oct 1;2(4):553-62.
[3] Maddox RN, Campbell JM. Gas conditioning and processing: Gas treating and sulfur recovery.
Campbell Petroleum Services; 1998.

210

Panahi and Eslami

[4] Mitra S. A Technical Report on Gas Sweetening by Amines. Petrofac Engineering India Ltd.
2015;1.
[5] Veldman R. Alkanolamine solution corrosion mechanisms and inhibition from heat stable salts and
CO2. InCORROSION 2000. 2000 Jan 1. NACE International.
[6] Nielsen RB, Lewis KR, McCullough JG, Hansen DA. Controlling corrosion in amine treating
plants. InProceedings of the Laurance Reid Gas Conditioning Conference, Norman, Oklahoma;
1995 Feb 26.
[7] Cummings AL, Veatch FC, Keller AE. Corrosion and corrosion control methods in amine systems
containing H2S. InCorrosion97 1997 Jan 1. NACE International.
[8] Khorrami MR, Raeissi K, Shahban H, Torkan MA, Saatchi A. Corrosion behavior of carbon steel
in carbon dioxide-loaded activated methyl diethanol amine solution. Corrosion. 2008
Feb;64(2):124-30.
[9] Krzemień A, Więckol-Ryk A, Smoliński A, Koteras A, Więcław-Solny L. Assessing the risk of
corrosion in amine-based CO2 capture process. Journal of Loss Prevention in the Process Industries.
2016 Sep 1;43:189-97.
[10] Rooney PC, DuPart M. Corrosion in alkanolamine plants: causes and minimization.
InCORROSION 2000 2000 Jan 1. NACE International.
[11] Fontana MG. Corrosion engineering. Tata McGraw-Hill Education; 2005.
[12] McGuire MF. Stainless steels for design engineers. ASM International; 2008.
[13] Namazi F, Almasi H. Amine corrosion in gas sweetening plant: causes and minimization on real
case study. InNACE International Corrosion Conference Proceedings. 2016. NACE International.
[14] Koch GH, Brongers MP, Thompson NG, Virmani YP, Payer JH. Corrosion cost and preventive
strategies in the United States. United States. Federal Highway Administration; 2002 Mar 1.
[15] Garverick L, editor. Corrosion in the petrochemical industry. ASM international; 1994.
[16] Panahi H, Eslami A, Golozar MA. Corrosion and stress corrosion cracking initiation of grade 304
and 316 stainless steels in activated Methyl Diethanol Amine (aMDEA) solution. Journal of Natural
Gas Science and Engineering. 2018 Jul 1;55:106-12.
[17] Tao X, Li C, Han L, Gu J. Microstructure evolution and mechanical properties of
X12CrMoWVNbN10-1-1 steel during quenching and tempering process. Journal of Materials
Research and Technology. 2016 Jan 1;5(1):45-57.
[18] Hartono A, Saeed M, Kim I, Svendsen HF. Protonation constant (pKa) of MDEA in water as
function of temperature and ionic strength. Energy Procedia. 2014 Jan 1;63:1122-8.
[19] Kaesche H. Corrosion of metals: physicochemical principles and current problems. Springer
Science & Business Media; 2012 Dec 6.
[20] Charbonnier JC, Noual P. The influence of molybdenum on the behaviour of 17Cr pure ferritic
steels in a 20% HCOOH medium at 70 ° C. Corrosion Science. 1977 Jan 1;17(12):1009-14.
[21] Panahi H, Eslami A, Golozar MA. Corrosion and stress corrosion cracking initiation of grade 304
and 316 stainless steels in activated Methyl Diethanol Amine (aMDEA) solution. Journal of Natural
Gas Science and Engineering. 2018 Jul 1;55:106-12.
[22] Kohl AL, Nielsen R. Gas purification. Elsevier; 1997 Aug 28.
[23] Jones DA. Principles and prevention of corrosion. 2nd edition. vol. 5. New Jersey: Prentice Hall;
1996.
[24] Revie RW. Corrosion and corrosion control: an introduction to corrosion science and engineering.
John Wiley & Sons; 2008 May 16.

This article is an open-access article distributed under the terms and conditions
of the Creative Commons Attribution (CC-BY) license.

