Rare Metal Materials and Engineering
Volume 49, Issue 11, November 2020
Available online at www.rmme.ac.cn

(1111 .
éa Science Press

Cite this article as: Rare Metal Materials and Engineering, 2020, 49(11): 3734-3740.

Effect of Hydrogen on Hydrogen Permeation and Stress
Corrosion Behavior of Low Alloy Steel in Acid Gas Field

Wang Xia, Zhou Wenjie, Hou Duo,

Jiang Huan,

Hou Li

College of Material Science and Engineering, Southwest Petroleum University, Chengdu 610500, China

Abstract: The effects of hydrogen concentration on hydrogen permeation and stress corrosion cracking behavior in 80SS
low-alloy tubing steels in a saturated CO, simulated produced water environment were explored by electrochemical hydrogen
permeation, slow strain rate tension and stereo microscope, SEM. The results show that the acidity and the hydrogen
permeation parameters i , D and Cg] are both increased with the raise of the concentration of H', which contributes to the
diffusion behavior of hydrogen atoms. Since the synergistic effect of tensile stress and hydrogen atom, the fracture time of
80SS low alloy steel is reduced by nearly 50% compared with the tension in air, and the change occurs from ductile fracture to
brittle fracture. As the hydrogen concentration of the solution increases, the mechanical damage of the steel and the stress
corrosion sensitivity strengthen. Before and after pre-charged hydrogen the index /5 changes from 3.16% to 8.49% when 80SS
steel is stretched in a medium containing saturated CO,. Pre-charged hydrogen promotes the stress corrosion cracking
sensitivity of the sample. When stretched in saturated CO; produced water containing 1wt% HAc, the microscopic morphology
before pre-charged hydrogen shows a river pattern with quasi-cleavage fracture characteristics. Discontinuous cracks and
small pores are distributed with fiber area of 80SS steel of the pre-charged hydrogen. Compared with before pre-charging,
pre-charged hydrogen improves the plastic properties of the steel and reduces the stress corrosion cracking sensitivity of the

steel.
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In recent years, with the continuous development of
acidic oil fields and the wide use of CO, flooding technol-
ogy, the mass fraction of acid gas such as H,S/CO, in oil
and gas resources rises, and low alloy steel faces the threat
of corrosion of acid gas'' ™. Low-alloy oil casing steel is the
lifeline for maintaining oil and gas wells, whose safety is of
great significance to oil production. However, due to the
complicated and harsh underground environment, a large
number of tubing steels have corrosion cracking problems,
resulting in heavy safety accidents and economic losses” .
CO, corrosion has also occurred in many oil fields in the
United States, China and other countries, leading to serious
results™'"!. In the oilfield production, it would interact with
the metal material due to the infiltration and diffusion of
hydrogen''”, causing the material to become brittle and
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cracked, loss of load carrying capacity'>'*, and more likely
to cause stress corrosion cracking, and steel fracture acci-
dents!">'% In the past, the research focused on the behavior
of hydrogen permeation induced by the corrosion process of
H,S""?" ignoring the effect of CO, environment on hy-
drogen permeation. But in fact, in the process of corrosion,
CO, would not only cause corrosion of the material, but al-
so cause hydrogen damage in the internal defects of the

(21531 “and hydrogen damage was closely related to

material
the diffusion behavior of hydrogen in the steel®. Therefore,
it is very important to explore the effect of hydrogen on the
hydrogen permeation and stress corrosion behavior of low
alloy tubing steel in CO, environment. In this study, the ef-
fects of hydrogen concentration on hydrogen permeation

and stress corrosion cracking behavior in 80SS low-alloy
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tubing steels in a saturated CO, simulated produced water
environment were explored by electrochemical hydrogen
permeation, slow strain rate stretching and stereo micro-
scope, SEM. It provides a test basis for the effects of hy-
drogen permeability, stress corrosion cracking sensitivity
and hydrogen permeation on stress corrosion behavior of
low alloy steel in acid gas field environment.

1 Experiment

The 80SS low alloy steel material was selected for the
experiment, and its composition and content (wt%) were C
0.23, Si 0.27, Mn 0.54, P 0.012, S 0.005, Cr 1.01, Mo 0.32,
Ni 0.03, V 0.006, Ti 0.007, Cu 0.02.

The experimental solution was simulated water contain-
ing saturated CO,. According to the ionic composition (g/L)
Na' 12.89, K' 12.18, Mg** 1.05, Ca** 0.88, CI 32.92, SO,*
3.23, HCOj; 0.6, Salinity 63.75, 2.5 L of simulated produc-
tion water was prepared, and nitrogen gas was introduced
for 4 h to remove oxygen and then introduced into CO, gas
to saturation.

40 mm x 26 mm x 1 mm hydrogen permeable sheet
sample was sanded to 1200# with water sandpaper, rinsed
with deionized water, alcohol and acetone, and plated in
Watt's nickel plating solution (250 g/L NiSO4-6H,0, 45 g/L
NiCl,-6H,0, 40 g/L H;BOs3) for 6 min at a current density of
1 mA/cm®. A uniform nickel layer having a thickness of less
than 0.2 um was produced on the anode side.

Electrochemical testing of the Devanathan-Stachurski
double electrolytic cell was carried out, which was assem-
bled as shown in Fig.1. 0.2 mol/L NaOH solution was added
to the anode chamber, and an anode polarization potential of
200 mV was applied. After the background current density
was less than 0.2 uA/cm2 and stabilized, saturated CO,
simulated production water and different concentrations of
HAc solution were added to the cathode chamber. The hy-
drogen permeation current versus time was tested.
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Fig.1 Hydrogen permeation experimental device

The slow strain rate tension samples were processed into
sheets of the shape and size as shown in Fig.2.

The sample was sanded to 1200#, rinsed with deionized
water, alcohol and acetone, and fixed in the experimental
electrolytic cell. Except that the gauge length was exposed
to the solution, the other part was coated with 704 silica gel
in order to isolate the corrosion solution. Then the device
was connected to the Stress Corrosion Cracking-1 Stress
Corrosion Test System, injecting a corrosive medium solu-
tion (saturated CO, simulated production water + different
concentrations of HAc solution), then a slow strain rate
tensile test was performed, and the stretching rate was
5x10”° mm/s.

The treated tensile specimens were pre-charged and immersed
in saturated CO, simulated production water containing 1 wt%
HAc for 48 h. The samples before and after pre-charging hy-
drogen were then subjected to slow strain rate tension test in
saturated CO, simulated produced water and saturated CO,
simulated produced water containing 1% HAc.

The slow strain rate tension test was carried out in 80SS
steel in air and CO, simulated produced water with different
HAc concentrations. The macroscopic morphology of the
fracture was observed by XTL-500 stereo microscope.

The slow strain rate tension test was carried out on sam-
ples of 80SS steel in air and before and after pre-charging
hydrogen in saturated CO, simulated produced water con-
taining 1 wt% HAc. The morphology of the fracture was ob-
served by EVO/MAT1S5 scanning electron microscope (SEM).

2 Results and Discussion

2.1 Effect of solution hydrogen solubility on hydro-
gen permeation behavior

Fig.3 shows the hydrogen permeation curves of 80SS low
alloy tubing steel at different HAc concentrations (Cyac).
The results show that the steady-state hydrogen permeation
current density increases with the rise of HAc concentration.
When the HAc was not added to the solution, the
steady-state hydrogen permeation current of the 80SS steel
improves from 0.3938 pA/cm’® to 6.4543 pA/cm’ as com-
pared with the case where the HAc concentration is 2 wt%.
This is mainly because in saturated CO, medium, the H'
content determines the hydrogen evolution reaction occur-
ring in the cathode chamber. While the concentration of HAc
increases, the pH of the solution decreases, the concentration
of H' in the solution, the rate of reaction and the number of
generated hydrogen atoms increase, so the density of hydrogen

Fig.2 Slow strain rate tension sample shape and size



3736 Wang Xia et al. / Rare Metal Materials and Engineering, 2020, 49(11): 3734-3740

permeation increases!”>>%,
2
p-L (M
81,
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In the formula, L is sample thickness, mm; #; is time corre-
sponding to i=0.432i", s; i” is saturated anode current
density, mA/cm’; F is Faraday constant, 96485 C/mol; D is
effective diffusion coefficient of hydrogen, cm?/s.

The calculated hydrogen permeability coefficient D and
the diffusible hydrogen concentration COH data calculated
by the Eq.(1) and (2) are shown in Table 1, and the corre-
sponding trend is plotted in Fig.4. It is shown that the C,'
rises as the HAc concentration escalates, because the pH
value decreasing of the solution promotes hydrogen genera-
tion on the cathode side of the sample, so the diffusible hy-
drogen concentration increases. The overall trend of D
hoisted with the rise of HAc concentration, but they do not
show a linear relationship. This is mainly because D is usu-
ally related to the experimental conditions such as the ma-
terial itself and temperature. When the pH value of the so-
lution is smaller, the hydrogen concentration gradient on
both sides of the sample is larger, and the diffusion power
of the hydrogen atom is enhanced, thereby contributing
more to the diffusion behavior of hydrogen®”; thus the hy-
drogen permeability coefficient is increased.
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Fig.3 Hydrogen permeability curves at different HAc concentra-

tions

Table 1 Fitted results of hydrogen permeation curves of 80ss

low alloy tubing steel at different HAc concentrations

Chad/Wt% i”/pA-cm™  D/X10° cm*s™ Cy! fmol Hm™

Blank 0.3938 0.769 0.53
0.25 4.0033 1.951 2.49
0.5 4.7324 1.981 3.07

1 5.1465 1.621 3.29
2 6.4543 1.922 3.99
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Fig.4 Relationship between D, C;* and HAc concentration

2.2 Effect of solution hydrogen solubility on slow
strain rate tension

Fig.5 is a stress-strain curves of 80SS steel stretched in air
and in different HAc concentrations solution. Table 2 shows
the mechanical parameters. It can be found that the curves
have no obvious yielding platform when HAc in the solution
is not added. The stress decreases rapidly after the tensile
strength, and the brittle fracture occurs after no significant
necking stage. The fracture time is reduced by nearly 50%,
and the steel exhibits poor plastic deformation, showing the
brittle fracture characteristics.

The increase in acidity of the solution causes a significant
decrease in yield strength and elongation after fracture, and
the tensile strength is substantially unchanged. The addition
of 2 wt% HAc concentration causes a bigger change in me-
chanical properties than when no HAc is added. The yield
strength decreases from 515 MPa to 409 MPa, the elongation
after fracture declines from 18.37% to 9.41%, which is re-
duced by nearly 50%. As the concentration of HAc increases,
the higher the concentration of H', the smaller the pH of the
solution, and the mechanical damage caused by hydrogen to
the steel is enhanced”").

The stress corrosion sensitivity is generally based on the
elongation sensitivity index /5. When 7;>35%, the material
has a significant stress corrosion tendency and is a hydro-
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Fig.5 Stress-strain curves of 80SS stretching in air and in dif-

ferent HAc concentrations solution
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gen embrittlement sensitive area. When 7;<25%, the mate-
rial has no stress corrosion tendency and is a safe area.
When /; is between 25% and 35%, it is a potential danger
area™. According to the calculation of formula(3), with the
concentration of HAc in solution rising, the index /s in-
creases correspondingly and exceeds 35%. The hydrogen
embrittlement sensitivity of 80SS low alloy steel shows an
increasing tendency and has a significant tendency of stress
corrosion.

1:%“00% (3)

o
a

In the formula, J,is post-break elongation of the sample in
air, %; J.1is post-break elongation of the sample in a corro-
sive environment, %.

The macroscopic fracture morphology observed after the
slow strain rate tension experiment in 80SS low alloy steel
in air and in different HAc concentrations media is shown
in Fig.6. The 80SS has a significant necking phenomenon in
the fracture of the air. The material has excellent plasticity
and exhibits ductile fracture characteristics. Due to the
corrosive environment of acidic solution, when the HAc is
not added, the fracture has a slight necking feature, but with
the rising of HAc concentration, the area of the
cross-sectional area of the section increases step by step,
and the necking phenomenon gradually weakens and even
disappears completely, showing a brittle fracture character-
istic. This is because due to the hydrogen addition, the hy-
drogen in the solution adsorbs on the surface of the sample,
diffuses into the crack tip, and accumulates at the stress
concentration, thus reducing the bonding ability of the

atomic bond, making the region brittle and break with the
action of tensile stress”".,
2.3 Effect of hydrogen on stress corrosion behavior
Fig.7 is stress-strain curves of 80SS steel before and after
pre-charging hydrogen in the two solutions, and Table 3
shows mechanical parameters. As seen from Fig.7a, when
stretched in water medium containing saturated CO,,
pre-charged hydrogen significantly reduces the yield
strength and tensile strength, and decreases slightly the
elongation. It shows that pre-charged hydrogen boosts the
stress corrosion cracking sensitivity of the sample. It can be
seen from Fig.7b that, in saturated CO, produced water
containing 1wt% HAc, pre-charged hydrogen has little ef-
fect on the elastic phase and yield stage of the steel, but the
tensile strength of the sample is lowered. The sample shows
a necking stage and changes from brittle fracture to ductile
fracture, indicating that pre-charged hydrogen increases the
plastic properties of the steel and reduces the stress corrosion
cracking sensitivity of the sample. As seen from Table 3,
when 80SS steel is stretched in a medium containing satu-
rated CO,, the index /; changes from 3.16% to 8.49%.

Table 2 Actual mechanical parameters of 80SS stretching in

air and different HAc concentrations solution

Crad/wt% o./MPa on/MPa 0/% Is/%
In the air 551 619 18.97 -
0 515 583 18.37 3.16
1 417 591 9.84 48.13
2 409 570 9.41 50.40

Fig.6 Fracture images of 80SS stretching in air (a) and in different HAc concentrations solution (b~d): (b) 0 wt%, (c) 1 wt%, and (d) 2 wt%
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Pre-charged hydrogen in the two solutions has different
effects on the sample. It is because during the pre-charging
hydrogen process, a corrosion product film is formed on the
surface of the metal surface due to the anodic reaction, and
part of the atomic hydrogen generated by the cathodic reac-
tion is adsorbed and enters the inside of the sample. When
the slow strain rate tension test is stretched, the stress causes
the metal to plastically deform, and the corrosion product
film to rupture, which results in a local galvanic cell to form
between the rupture film and the bare metal, and a local an-
odic dissolution reaction occurs. Therefore, the stress corro-
sion cracking sensitivity of 80SS steel in saturated CO, me-
dium increases. However, in the saturated CO, produced wa-
ter containing 1 wt% HAc, the H" concentration of the solu-
tion increases due to the addition of HAc, and the decrease in
pH value promotes the formation of a new film covering af-
ter the product film is destroyed. Therefore, it has a certain
hindrance to the entry of hydrogen atoms, reducing the stress
corrosion cracking sensitivity>'l.

Fig.8 is SEM images of 80SS steel slow strain rate ten-
sion in air and before and after pre-charging hydrogen in
saturated CO, produced water containing 1 wt% HAc. It
can be seen from Fig.8a that the thickness of the fracture of
80SS steel changes from 3 mm to 1.15 mm when stretched
in air and the necking phenomenon occurs. The fracture
morphology is mainly uniform distribution of large and
deep dimples. The sample exhibits ductile fracture charac-
teristics, indicating that it has good plasticity in air.
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Fig.7  Stress-strain curves of 80SS steel before and after
pre-charging hydrogen in two solutions: (a) saturated CO»
produced water and (b) saturated CO, produced water

containing 1 wt% HAc

Table 3 Actual measured mechanical parameters of 80SS

steel before and after pre-charging hydrogen in two

solutions
Stretching g tus oJMPa oyMPa 0%  Iy%
solution
Produced water Before 515 583 18.37 3.16
After 486 544 17.36  8.49
Produced water  Before 417 591 9.84 48.13
+1% HAc After 487 547 15.79 16.76

It can be seen from Fig.8b that compared with that in the
air, the 80SS steel before pre-hydrogenation becomes flush
and fractured in the acidic environment and is perpendicu-
lar to the tensile stress, and the microscopic appearance
shows a river pattern. There are small cleavage planes and
more tear ridges, and quasi-cleavage fracture characteristics
occur. It shows that in the acidic environment, the hydrogen
atoms enter the material since the dislocation of the mate-
rial, so that the local plastic deformation of the material and
the plasticity of the metal are reduced, and a certain degree
of ductile-brittle transition occurs.

From Fig.8c, the tensile fracture after pre-charging hydro-
gen is slightly increased compared with that in air, and discon-
tinuous cracks and small pore-like structures are distributed

)
_ i

Fig.8 SEM images of fracture of 80SS steel in air and before and
after pre-charging hydrogen in acid medium: (a) in the air
(b) before pre-charging hydrogen in saturated CO, pro-
duced water containing 1 wt%HAc; (c) after pre-charging
hydrogen+in saturated CO, produced water containing
1 wt% HAc
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with the fiber region. This is mainly due to the distance of
diffusion and diffusion of hydrogen inside the test piece
gradually increases during the pre-charged hydrogen proc-
ess. Due to the action of stress, the hydrogen pressure
formed promotes the development of the micro-void and
forms a larger crack. Compared with the tensile fracture
before pre-charging hydrogen, the
pre-charging hydrogen has a neck-shrinking phenomenon,

fracture  after
showing better plasticity. Mainly because the material is
sensitive to hydrogen, a small amount of hydrogen in the
acidic solution will cause a change in the properties of the
material, resulting in a decrease in the plasticity of the ma-
terial. However, in the pre-charging hydrogen process,
when the hydrogen content reaches a certain value, the de-
gree of sensitivity increase becomes slower, and the degree

of plasticity decrease becomes smaller’>*),

3 Conclusions

1) The acidity and the hydrogen permeation parame-
tersi”, D and C;' are both increased with the rise of the
concentration of H', which contribute to the diffusion be-
havior of hydrogen atoms.

2) The addition of HAc reduces the fracture time of 80SS
low alloy steel by nearly 50%, reflecting the change from
ductile fracture to brittle fracture. As the hydrogen concen-
tration of the solution increases, the mechanical damage
caused by the 80SS steel enhances, and the stress corrosion
sensitivity of the steel strengthens.

3) When 80SS steel is stretched in a medium containing
saturated CO,, the index /; changes from 3.16% to 8.49% af-
ter pre-charging hydrogen. Pre-charged hydrogen promoted
the stress corrosion cracking sensitivity of the sample.

4) When stretched in saturated CO, produced water con-
taining 1wt% HAc, the microscopic morphology of the ten-
sile fracture before pre-charging hydrogen shows a river
pattern with quasi-cleavage fracture characteristics. Dis-
continuous cracks and small pores are distributed with fiber
area of 80SS steel of the pre-charged hydrogen. Compared
with before pre-charging hydrogen, pre-charged hydrogen
improves the plastic properties of the steel and reduces the
stress corrosion cracking sensitivity of the steel.
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