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SAE 4120 steel, the main steel material for sucker tools in oilfield production system, is usually
subjected to the combined effects of stress and corrosive media in the oilfields corrosion environment
containing CO.. This work presented the evolution of pits and stress corrosion cracks in the steel while
exposing to stress and corrosion medium. In the simulated oilfield environment, the four-point bending
high temperature and high pressure stress corrosion test was carried out to investigate the evolution
process of pits and stress corrosion cracks. The morphologies of pits and cracks were characterized by
scanning electron microscopy to study the process of crack initiation and growth. In addition, the stress
and strain distribution of corrosion pits was described using ABAQUS finite element analysis software
to qualitatively analyze the vulnerable location of crack origin. The results exhibited that corrosion pits
originated from inclusions, while the SCC initiated from the bottom of secondary corrosion pits and
extended along the depth direction of SAE 4120 steel in the simulated oilfield environment with in water
saturated with CO>. Finite Element Analysis showed that the maximum values of stress and strain were
located at corrosion pits bottom. The existing secondary corrosion increased the degree of stress
concentration, and the bottom of the secondary corrosion pits was the sensitive position of SCC.

Keywords: SAE 4120 steel; Four-point bending test; Pitting corrosion; Stress corrosion crack; Finite
element analysis

1. INTRODUCTION

SAE 4120 steel is the main steel material of sucker rod in oilfield production system. With the
increase of water content and corrosive media such as CO2 and CI in the oil wells, the used steels are
increasingly confronted with some problems, including local corrosion and stress corrosion damage [1-
7]. Production and transportation pipelines and equipment used in oil and gas fields can easily fail under
harsh service conditions or due to material quality. H. Ding et al. showed that under cyclic loading, the


http://www.electrochemsci.org/
mailto:tdwby2004@126.com

Int. J. Electrochem. Sci., 16 (2021) Article 1D: 21026 2

residual height of the sucker rod in the inner side of the weld forms a crack source because of stress
concentration at first then the crack propagates along the heat affected zone[8]. Haijun Shen et al. showed
that the curves of SAE 4120 Steel based on the 3D model are obtained, and then the fatigue crack
propagation life of the elliptical surface cracks in SAE 4120 Steel bars is predicted[9]. SCC originates
from corrosion pits. The evolution of pitting will lead to the crack propagation, which results in the
fracture failure of components. Meresht et al. showed that stress corrosion cracks of X60 pipeline steel
originated from the bottom of the pit and extended along the thickness direction [10]. In addition, the
element analysis for the crack tip showed that the crack started from the inclusions, The hydrogen-
induced defect at the crack tip reduced the pH, thus the crack propagation was aggravated. Horner et al.
displayed that 7% of cracks nucleated at the pit bottom, 50% originated from the shoulder of the pit. The
others broke the pit shoulder and extended beyond the pit bottom. 3-D X-ray micro tomographic images
also confirmed that most of cracks developed at the pit shoulder of cylindrical specimens and the stress
could reach 50-90% of the yield strength [11]. Ryuichiro et al. considered that the cracks initiated from
the pit bottom due to the presence of the maximum stress concentration and the active electrochemical
potential [12]. Li et al. investigated the behavior of pit-stress corrosion cracks of 304 stainless steel with
constant load [13]. It was emphasized that the SCC started from the sensitive point at the bottom and
gradually extended to be stress corrosion fracture. The location of pitting is still controversial because
of the crack initiation. Therefore, studying the pitting evolution and crack initiation location of SCC of
SAE 4120 steel is significant to prolong the service life of components.

This work aims to investigate the pit position where the SCC crack is generated under high
temperature and high pressure in simulated oil field environment. To begin with, the morphologies of
cracks and pits were obtained by means of scanning electron microscopy to analyze the relationships
between the SCC cracks and pits, as well as the characteristics of pit initiation and growth. In addition,
an FE method was employed to examine the distribution of the stress and strain on pits and SCC cracks.
Moreover, the mechanic and electrochemistry theories were applied to discuss the mechanisms of the
initiation and growth of pitting, the early-stage SCC nucleation under load and the pit position where the
crack most likely to occur.

2. EXPERIMENTS AND SIMULATION

2.1. SCC and pitting tests
SAE 4120 steel was used as the sample and the chemical composition was listed in Table 1.

Table 1. the chemical composition of SAE 4120 steel (wt.%)

chemical composition C Cr Mo Si Ni Mn \/ S Fe
SAE 4120 steel 020 190 020 025 025 055 0.05 0.025 balance
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All specimens were machined into rectangle coupons with a dimension of 116 mm x16 mmx2
mm. The specimens were firstly polished successively with 200, 400, 600, 800 and 1500 grit sandpaper,
cleaned with alcohol and acetone and then dried immediately.

After the pretreatment, the test vessel was filled with 2500 mL test solution to ensure that the
samples were completely immersed. The composition of the test solution is given in Table 2. The
simulated solution was poured into the autoclave and N2 gas was injected for 4 h before introducing
CO2 to remove oxygen. The constant strain four-point bending test in ASTM G309 standard was adopted.
The high temperature and high pressure test was carried out in 3 L high temperature and high pressure
FCZ magnetic drive reactor. The schematic of a four-point bending fixture is shown in Fig. 1. The
deflection calculation of four-point bending sample was obtained via the formula:

_o(BH?-4A?)
-~ 12Et (1

where o is the maximum tensional stress (616 MPa), E is the elasticity modulus (253000 MPa),
t is the thickness of the sample (2 mm); H is the distance between the pivot points (110 mm); A is the
distance between the inner and outer fulcrum (27.5 mm); y is the maximum deflection . Therefore, the
calculated deflection was 3.378 mm. According to the ASTM G39 standard, the value of applied stress
was 90% yield strength. The conditions of field environmental were simulated at a CO2 partial pressure
of 3 MPa and temperature of 80 ‘C. The test duration were 1080 h, 2160 h, and 3240 h, respectively,
which was determined by ASTM G31-2004.

After the tests, each sample was ultrasonically cleaned with alcohol and acetone, and then dried
immediately. Subsequently, the morphologies of SCC cracks and pits on the side perpendicular to the
thickness direction were observed by means of SEM. Each sample was characterized by X-ray
diffractometry (XRD) for bulk phase identification, and scanning electron microscopy/energy dispersive
X-ray spectrometry (SEM/EDS) for microstructure and phase constituents. The samples were
characterized using XRD to identify the phase constituents. The X-ray diffraction test was conducted
with Nova Nano SEM450 X-ray diffractometer under these conditions: Cu-Ko X-ray source; High
vacuum mode resolution: 1nm (15kV), 1.6 nm (1kV); Low vacuum mode resolution: 1.5nm (10kV,
Helix detector), 1.8nm (3kV, Helix detector); scanning range of 20 = -10-70°; Magnification of standard
sample: 40 times ~ 400,000 times. Detection and mapping of elements in samples with the Oxford X-
Max 80 energy dispersive spectrometer (EDS) equipped. The EDS energy spectrum energy resolution
was 126eV, composition range of B ~ U, about 1 m beam spot affected area.

Table 2. Composition of oilfield produced fluid

Ingredient K* Na* Ca?* Cl S04* Mg?* HCOs

Content (mg/L) 3.13 5912.47 13467 886250  69.16 140.03 1463.82
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Figure 1. The size of four point bending specimen

2.2. Finite element analysis

FE analysis was carried out using ABAQUS. A 3-D version of the specimen was modelled in the
ABAQUS CAE pre-processor. The mesh was created using 3-D elements C3D4, which are 4-node linear
tetrahedral elements, and was refined in the region around the pit to enhance the prediction accuracy of
stress and strain. The four-point bending finite element model of assembly drawing is shown in Fig. 2.
As exhibited in Fig. 3, a pit was created at half the length of the specimen. The diameter and depth of
the primary corrosion pit were 120 um and 40 pum, respectively, and the corresponding demensions of
the secondary corrosion pit were 10 pm and 5 pm. Boundary conditions were applied to the ends of the
specimen to ensure the specimen alignment during loading.
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Figure 2. Four-point bending finite element model of assembly drawing

(a)

(b)

Figure 3. Specimen geometry of pit used for finite element analysis. (a) pit without secondary pit; (b)
pit with secondary pit.
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The boundary conditions were as follows: U1=U2=U3=UR1=UR2=UR3=0. To take account for
the test displacement load, a displacement load of -3.378 mm was applied in the “2” direction, which
was consistent with the deflection values in stress corrosion test. In this paper, degree of freedom U1:
translational degree of freedom along the X-axis; U2: translational degrees of freedom along the y-
direction of the coordinate axis; Degree of freedom U3: translational degree of freedom along the
direction of coordinate axis Z; Degree of freedom URL1: the degree of rotation along the x-direction of
the coordinate axis; Degree of freedom URZ2: translational degree of rotation along the y-direction of
coordinate axis; Degrees of freedom URS3: translational degrees of rotation along the Z axis. The input
parameters for the EF model include Young modulus of 210 GPa, yield strength of 685 MPa and
Poisson's ratio of 0.3 for the SAE 4120 steel. The stress, S11, and the strain, LE11, in the “1” direction
were used in the analysis to characterize the elastic behavior of the material.

3. RESULTS AND DISCUSSION

3.1 High temperature and high pressure constant strain four point bending test

A wire cutting was made at the location of the pit to obtain the cut surface. Inserted the specimen
into an epoxy resin and polished it. The morphologies of different cross-sections perpendicular to the
sample thickness direction are shown in Fig. 4. The pits and cracks can easily be detected by SEM. The
nucleation and growth process of corrosion pits can be noted in Fig. 4(a) and (b).The transition from
corrosion pit to crack are displayed in Fig. 5(a). It is found that the crack originated from the bottom of
the pit and extended along the depth direction of specimen. In addition, secondary corrosion pits formed
at the bottom of the corrosion pit hence the increase of stress concentration. According to Ref.[14],once
a secondary pit nucleated at the bottom of the primary pit, the stress distribution would change entirely
and the overall value of stress concentration factor (SCF) would be much higher than the single primary
pit [14-15]. Accordingly the existence of secondary corrosion pits increases the occurrence tendency of
SCC.
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Figure 4. The SEM of cross section of SAE 4120 steel after four-point bending stress corrosion
experiment
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Figure 5. EDS spectra for of corrosion pit

Table 3. Element percentage of corrosion pit

Element ©) Na Mg Al Si S Cl K Ca Fe

Percentage (%) 54.67 1154 199 086 315 455 397 254 519 1154




Int. J. Electrochem. Sci., 16 (2021) Article 1D: 21026 7

2 4 6 8 10 12 14

0
WEERAT 25700 cts Y&4R: 0.000 keV

Figure 6. EDS spectrum for uncorroded area.

Table 4. Element percentage of uncorroded area

Element C O Si Cl Cr Mn Fe Th

Percentage (%) 2515 1.66 0.39 0.24 0.61 1.01 6911 184

The EDS spectrum displayed in Fig. 5 and Fig. 6 reveals more Mg and Al in the corrosion pits
than uncorroded area. The pit firstly nucleated at the inclusion, and the corrosion pit formed around the
center of the inclusion. The Fe as the anode on the boundary between the inclusion and the steel matrix
dissolved firstly, and the inclusions acted as the cathode[16]. With the extension of corrosion time,
corrosion pits appeared. The corrosion medium entered the corrosion pits and continued to corrode the
steel matrix. As the reaction progressed, the pH value decreased gradually, which accelerated the
dissolution rate of the steel. The decreased pH value could be attributed to the hydrolysis of some metal
cations. In addition, the other metal cations diffused into the area around the corrosion pit and hydrolysis
reactions increasingly enlarged the pitting area [17]. The pH value of the cathode region far from the
inclusions was higher than that of the corrosion pit, causing the diffused metal cations to become
precipitates, such as hydroxides or oxides [18]. When the inclusions were completely dissolved, the
chloride ions diffused into the pits and continued to erode the metal matrix, hence the corrosion pits
continued to expand in the depth direction of the steel matrix.
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3.2 Finite element simulation results

(a)

(b

(¢)

Figure 7. Stress distribution with secondary corrosion pit (a) Global local stress distribution plan view;
(b) Local stress distribution plan view; (c) Stress distribution cross-section view.

(a)
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(b)

Figure 8. Stress distribution view without secondary corrosion pit (a) Stress distribution plan view;

(b)Stress distribution cross-section view
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Figure 9. Stress distribution curve of the corrosion pit half elliptical path along the width direction of

four-point bending specimen

(a)
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(b)

Figure 10. Strain distribution with secondary pit (a)Global strain distribution plan view; (b) Strain
distribution drawing of partial enlargement

Figure 11. Strain distribution without secondary corrosion pit
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Figure 12. Strain distribution curve of the corrosion pit half elliptical path along the width direction of
four-point bending specimen
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An FE method was used to evaluate the normal stresses, S11, and the normal strains, LE11,
distributed on specimens with and without secondary corrosion pits. As seen in Fig. 7 and Fig. 8, the
region of maximum stress between the two lower supports of four-point bending specimen appeared
near the bottom of the corrosion pit. Based on Fig. 9, the maximum value of normal stress with secondary
corrosion pits was 973.5 MPa, while the maximum stress value was 805.5 MPa without secondary
corrosion pits. It can be seen that the material had been subjected to an excessive yield strength and the
plastic strain had occurred. The conclusion in line with Alan Turnbul’s viewpoint[19]. While at very
high applied stress where plastic deformation occurs, the crack originated at the pit base. In addition,
according to the Fig. 9, it can be found that the stress concentration factor increased with the occurrence
of secondary corrosion pits. From Fig. 10, the maximum value of normal strain was 5.32x10-3, locating
at the mouth of the secondary corrosion pit. The maximum value of normal strain with secondary pit
was four times larger than that without secondary pit at the bottom.
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Figure 12. Pitting corrosion evolution mechanism model

The mechanism of pitting evolution consists of five parts, as shown in Fig. 13. Pit initiation and
growth are an essentially electrochemical process. For pit initiation, the stochastic and deterministic
models have been proposed during the past decades. Experimental results showed that the pits nucleated
near inclusions, and a corrosion cell was formed in the region around inclusions, as shown in Fig. 13(a).
With the increase of corrosion time, the corrosion pits appeared. The corrosion medium entered the
corrosion pits and the pH values in the pits decreased with the reaction. As a result, the dissolution rate
of the steel matrix accelerated and the pitting pits began to grow (Fig. 13(b)). In Fig. 13(c), due to the
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presence of corrosive medium, such as CI, CO and other corrosive medium, the reaction process is as

follows[20]:

Cathodic reaction:

2H"+2e—~H> 1 (2)
Anodic reaction:

Fe—Fe?*+2e (5)
Fe?*+CO3>—FeCOs (6)
Fe+HCOs-—FeCO3z+2e+H" @P)
Fe+CO3>—FeCOs+2e (8)

Therefore, the anodic reactions of SAE 4120 steel in the CO»-saturated water include reactions
(5) and (6), i.e., the direct dissolution of Fe via Fe—Fe?"+2e-and the formation of corrosion scale FeCO3
via Fe+HCO3 —FeCO3z+2e+H*. When the dense corrosion product FeCOs is formed, it will cover the
corrosion pits, which isolates the corrosive ions and protects the metal matrix. However, the tensile stress
will result in the formation of a gap on the corrosion product film. At the same time, due to the presence
of CI corrosion medium with high concentration and small diameter, corrosion products and CI™ will
penetrate into the interface between metal matrix and corrosion product film. Besides, The concentration
of CI at the interface increases because the structure of the electric double layer is subject to the
preferential adsorption of ClI" [21]. The CI" is accumulated constantly in the pitting pits and accelerates
the pit growth. The CI" quickens the dissolution of iron matrix owing to the autocatalytic mechanism,
the reaction is given as [22]:

Fe+Cl+H,0=[FeCI(OH)] ad+H"+e" (9)
[FeCI(OH)]'ad—FeCIOH+e (10
FeCIOH+H*=Fe?*+CI+H,0 (1D

The CI" is preferentially absorbed by the metal surface while coexisting with other ions [23]. A
large amount of Cl" can polymerize between the metal surface and corrosion product film, resulting in
the reduction of adhesion of the corrosion product film. The corrosion products of the metal fall off the
metal substrate easily. Therefore, the increase of CI™ content results in the increase of cracks and reduces
the bonding strength between the corrosion products and the metal matrix [24]. As the autocatalytic
reaction continues at the bottom of the pit, from Fig. 12(b), the secondary corrosion pits will appear at
the bottom of the pit, leading to a greater concentration of stress and greater plasticity. The stress
potential (E11) and the strain potential (V11) are proportional to the stress (S11) and the strain (LE11),

respectively [25]:
E112-0S112 (12)
V112=LE112 (13

The FE results revealed that the maximum stress and strain with secondary corrosion pits were
higher than those without secondary corrosion pits. Local stress or strain provided favorable conditions
for the formation of negative potential on the surface. According to the formula (12) and (13) , the
maximum stress and strain values with secondary corrosion pits are respectively 1.28 times and 4 times
larger than those without secondary corrosion pits, resulting in a higher stress potential and strain
potential. This is conducive to the production of anodic dissolution and the increase of corrosion rate.
The growth rate of corrosion pits along the thickness direction is faster than other directions during the
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expansion process due to the existence of the corrosive medium and the larger stress and strain at the
bottom of the corrosion pit [26]. When the corrosion pit depth reaches the critical value, the pit will
transform into the SCC [27].

4. CONCLUSION

(1)In the simulated oilfield environment with CO2-saturated water, the pitting corrosion
originates from inclusions, while SCC originates from the secondary corrosion pits at the bottom of pits
and extends along the depth direction of SAE 4120 steel.

(2) FE analysis demostrates that the maximum values of stress and strain are located at the bottom
of corrosion pits. The existence of secondary corrosion increases the degree of stress concentration, and
the bottom of secondary corrosion pits is the sensitive position of SCC.
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