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Natural gas as a clean energy, its extensive use can alleviate energy crisis and environmental pollution and other problems. The
storage and transportation of natural gas are of great significance to the standard use of natural gas. Sugiao gas storage reservoir
is responsible for seasonal peak adjustment and emergency gas supply in the Beijing-Tianjin-Hebei region, and the corrosion of
tubular goods is the most important issue. In this paper, the tubing composition analysis, metallographic structure analysis,
mechanical property analysis, simulated corrosion test, corrosion morphology, and product analysis were carried out to analyze
and study the corrosion behavior under the conditions, and suggestions were put forward to control the corrosion of the outer

surface of the tubing.

1. Introduction

According to the 13th Five-Year Plan of Natural Gas, natural
gas will account for 10% of China’s disposable energy con-
sumption structure in 2020. The construction of Suqiao gas
storage is of great significance to maintaining national energy
security and reducing air pollution in the Beijing-Tianjin-
Hebei region. The “gas storage” usually refers to underground
gas storage. Underground gas storage is a kind of artificial gas
field or gas reservoir formed by injecting commodity natural
gas from oil and gas fields nearby or long-distance pipeline
back into underground space. However, when this method is
adopted, corrosion of the tubular goods will inevitably occur
[1-6]. If a tube corrodes, it will not only hinder the transpor-
tation of natural gas but also may cause an explosion in severe
cases [7-13]. Therefore, it is very necessary to study the corro-
sion behavior of natural gas tubular goods.

An injection-production well in the Sugiao Gas Storage
Group was completed on October 15, 2013. The completion
tubing was 13Cr110 with a wall thickness of 6.88 mm and an
outside diameter of 114.3 mm. The schematic diagram of well

profile is shown in Figure 1. The well had been in production
for 1 year and 6 months, producing 24,521,800 cubic meters
of gas. The second operation of the well began on April 30,
2015. A total of 435 gas-sealed tubing were removed from
the original well. When the 177th tubing was taken out, rust
spots were found on the outer wall of the tubing. After
inspection, there were obvious rust blisters on the outer wall
of the 200th to 435th tubing, and there were obvious corro-
sion pits on the surface after removing rust blisters. After
the tubing was dissected, it was found that there was no obvi-
ous corrosion pit on the internal surface and only different
degrees of scaling, which is shown in Figure 2. In order to
avoid natural gas leakage and other potential safety hazards,
the corrosion causes of tubing were studied.

2. Materials and Methods

The samples used in the test were taken from this well, and 4
typical tubing samples were selected from the top, middle,
and bottom positions of the wellbore. According to the
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FI1GURE 1: Schematic diagram of well profile.
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FIGURE 2: Macromorphology of tubing corrosion ((a) external surface; (b) internal surface).

extraction sequence, they were the 84th (84#), the 258th
(258#), the 259th (259#), and the 364th (364#), respectively.

The ARL 4460 direct reading spectrometer was used to
analyze the chemical compositions of the tubing samples.
Metallographic structure, grain size, and inclusions were ana-
lyzed by the MeF3A metallographic microscope, MEF4M
metallographic microscope, and image analysis system. The
tensile properties and Charpy impact properties of the sam-
ples were tested, respectively. The high temperature auto-
clave was used to simulate the working condition on site to
evaluate the corrosion resistance of the tubing material. A
scanning electron microscope (SEM) was used to analyze
the corrosion surface of the tubing. The elements of the cor-
rosion products were analyzed by an energy spectrum ana-
lyzer, and the phase of the corrosion products was analyzed
by X-ray diffraction.

3. Results and Discussion

3.1. Composition Analysis of Tubing Samples. The chemical
compositions of four tubing samples were analyzed by the
ARL 4460 direct reading spectrometer. The results are shown
in Table 1. The results indicated that there was no significant

difference in the chemical composition of the four tubing
samples, and all of them met the requirements of the API
SPEC 5CT standard.

3.2. Metallographic Analysis of Tubing Samples. According to
GB/T 13298-2015, ASTM E45-18a, and ASTM E112-13, the
metallographic structure, grain size, and nonmetallic inclu-
sion of the 4 tubing samples were tested, and the test results
are shown in Table 2 and Figure 3. It can be seen from the
analysis results that there was no abnormal metallographic
structure of the four tubing samples, all of which were tem-
pered martensite structures, with a grain size of level 9.0
and no extrasized nonmetallic inclusions.

3.3. Testing of Mechanical Properties of Tubing Samples. The
Charpy impact and tensile property test of four tubing sam-
ples was carried out according to ASTM E23-12C and ASTM
A370-14. The results are shown in Tables 3 and 4. The test
results showed that the impact and tensile properties of the
four tubing met the requirements of API SPEC 5CT.

3.4. Simulated Working Condition Corrosion Test. A 50 mm
x 10 mm x 3 mm hanging piece sample was taken from the
four tubing, and a high-temperature autoclave was used for
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TaBLE 1: Analysis results of the chemical composition of sample (WT %).

Number

Elements 84# 258# 259# 364#
C 0.027 0.023 0.024 0.025
Si 0.14 0.18 0.15 0.17
Mn 0.41 0.38 0.39 0.38

0.018 0.018 0.017 0.019
S 0.0008 0.0003 0.0007 0.0006
Cr 12.9 12.9 13.0 13.1
Mo 0.94 0.93 0.90 0.93
Ni 4.4 4.4 4.4 4.4
Nb <0.001 <0.001 <0.001 <0.001
\Y% 0.0050 0.0040 0.0061 0.0045
Ti 0.0082 0.0069 0.0027 0.0047
Cu 0.026 0.030 0.033 0.030
B <0.0001 <0.0001 <0.0001 <0.0001
Al 0.036 0.043 0.032 0.044

TaBLE 2: Metallographic analysis results of tubing samples.
Nonmetallic inclusion
Samples A B C D Metallurgical structure Grain size
Thin Thick Thin Thick Thin Thick Thin Thick

84# 0.5 0 0.5 0 0 0 0.5 0 Tempered martensite Level 9.0
258# 0.5 0 0.5 0 0 0 0.5 0 Tempered martensite Level 9.0
259# 0.5 0 0.5 0 0 0 0.5 0 Tempered martensite Level 9.0
364# 0.5 0 0.5 0 0 0 0.5 0 Tempered martensite Level 9.0

FIGURE 3: Metallographic diagrams of tubing samples ((a) 84#, (b) 2584, (c) 259#, and (d) 364#).
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TAaBLE 3: Test results of Charpy impact performance of tubing.

Samples

. . o
Number Size (mm) Notch shape Temperature ("C) Absorbed energy (J) Shear section rate (%)
84# 116 108 107 100 100 100
#
258 5% 10 X 55 v 0 131 129 128 100 100 100
259# 128 134 121 100 100 100
364# 131 131 121 100 100 100
API SPEC 5CT standard >22.55 /
TaBLE 4: Test results of tubing tensile properties.
. Strength of extension Yield strength Elongation

Number Width x gauge length (mm) R, (MPa) Ry (MPa) A (%)

905 866 23
84# 25.4 x50 912 868 23

910 859 22

898 835 23
258# 25.4 x50 906 849 24

904 858 23

897 853 23
259# 25.4 x50 904 866 25

889 847 23

884 845 24
364# 25.4 x50 889 848 24

879 842 24
API SPEC 5CT standard >862 758~965 >12

TaBLE 5: Test conditions.
Temperature Gas phase Test time
Condition %) Q) Content of CO, Content of O, Total pressure  Liquid phase (h) Sample location
(%vol) (%vol) (MPa)
1 90 2.5 0 20 , 168 Gias phase, liquid
Shown in phase
Table 6 iqui
2 90 25 0.1 20 16 % phase liquid
phase
TABLE 6: Simulated formation water compositions.

Ton type HCO; cr SO,> Ca** Mg Na*+K* Water type

Concentration (mg/L) 309.4 5240.9 162.8 634.1 123.6 2632.1 CaCl,
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FIGURE 4: Corrosion rate test results of four tubing samples under different conditions.

the laboratory corrosion test to simulate the on-site working
conditions. The test conditions are presented in Table 5, and
the compositions of simulated formation water are shown in
Table 6.

Figure 4 shows the corrosion rate test results of the four
tubing samples under different conditions. It could be seen
from the figure that there were no obvious differences for
corrosion resistance of the four tubing materials. Compared
with the conditions without oxygen, the corrosion rate of
the sample in the gas phase increased by 2~3 times and in
the liquid phase by 70~80 times. In the absence of dissolved
oxygen, the corrosion rate of the sample in the liquid phase
was about 2 times that in the gas phase. In the case of dis-
solved oxygen, the corrosion rate of the sample in the liquid
phase was much higher than that in the gas phase, which
was about 15 times.

Figure 5 shows the morphologies of the sample surface
before and after the test. It could be seen from the figure that
the corrosion degree of the samples in the gas phase was light,
and the original wear marks could still be observed. The sam-
ples showed uniform corrosion in the liquid phase without
oxygen, and there was no obvious corrosion pit on the sur-
face. There was obvious local corrosion in the liquid phase
in the presence of oxygen, and a large number of corrosion
pits could be seen on the surface. It could be concluded that
dissolved oxygen is the main factor leading to the corrosion
of the tubing outer wall.

3.5. Analysis of Corrosion Products. As the corrosion degree
of the outer wall of 84# tubing was relatively light, with only
a small amount of floating rust on the surface and no obvious
corrosion pits, the research on corrosion products was
mainly focused on the corrosion pits of 258#, 259#, and
364# tubing samples. The surface morphology of the corro-
sion pit was observed by a scanning electron microscope

(SEM), and the element composition of the inside and out-
side surface of the corrosion pit was analyzed by an energy
dispersive spectrometer. Figure 6 shows the surface morphol-
ogies of the samples at low magnification. It could be seen
from the figure that there was a thin layer on the sample sur-
face, and there were obvious corrosion pits locally. The cor-
rosion pits were round in shape, with a diameter of about
2-3mm, and were all in the positions where the thin-layer
broke or bulged.

Figures 7-9 show the surface morphologies of the corro-
sion pit and the results of energy spectrum analysis of the
corrosion products inside and outside the corrosion pit.
Tables 7-9 suggest the analysis results of the components of
the corrosion products at different parts of the sample sur-
face. The results illustrated that the corrosion pits were
round, with a diameter of about 2~3 mm. Also, they were
all in the position of surface rupture or uplift caused by a thin
layer. The content of Cr and Ni at the bottom of the corro-
sion pit was significantly higher than that outside the corro-
sion pit, while the content of Fe in the corrosion pit was
significantly lower than that outside the corrosion pit. The
content of Ca element in the thin layer substance on the sur-
face of the sample was very high, which was much higher
than that in the bottom of the corrosion pit and outside the
corrosion pit, and the content of Fe, Cr, and Ni was much
lower than that in the corrosion pit and outside the corrosion
pit.

X-ray diffraction was used for phase analysis of the sur-
face corrosion products of the samples. Figure 10 shows the
results of sample analysis. The results indicated that the sam-
ple surface mainly contained Fe,O, and CaCO,. Therefore, it
can be concluded that the thin-layered material on the outer
surface of the three tubing samples was CaCO,, which was
formed by surface scaling. Fe,O; and Fe,O, were the main
corrosion products.
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FIGURE 5: Surface morphologies of samples before and after the test ((a) before test, (b) gas phase without oxygen, (c) gas phase with oxygen,

(d) liquid phase without oxygen, and (e) liquid phase with oxygen).

4. Comprehensive Analysis of Corrosion Reason

4.1. Corrosion Characteristics. The corrosion mainly
occurred on the outer surface of the tubing, and the seriously
corroded samples are located in the middle and lower part of
the well. There was a thin layer of material on the outer sur-
face of the tubing. There were obvious corrosion pits on the
surface. The corrosion pits were in the position where the
thin layer of material on the surface breaks or bulges. The
surface of the sample mainly contains Fe,O,, Fe;O,, and
CaCOs. It can be concluded that (1) the thin layer material
on the outer surface of the tubing samples is CaCO,, which
was formed by surface scaling; (2) Fe,O; and Fe O, were
the main corrosion products.

4.2. Influencing Factors of Corrosion. The field data showed
that the packer was not completely sealed after the comple-

tion of the well, so the oil (gas) well protection fluid with pas-
sivation function was injected immediately. In the process of
production, there was leakage of protective solution, so clean
water was used to make up the solution, which contains a cer-
tain amount of dissolved oxygen. The gas composition anal-
ysis results showed that the CO, content was 2.37%.
Therefore, the corrosion environment of the outer wall of
the tubing was as follows:

(1) Below the liquid level: water, dissolved oxygen, dis-
solved CO,, etc.

(2) Above the liquid level: water vapor, oxygen, CO,, etc.

The corrosion test results under simulated conditions
showed that the corrosion rate of the sample in the liquid
phase was much higher than that in the gas phase, which
was about 15 times. This was consistent with the situation
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FIGURE 6: Surface morphologies of samples ((a) 258#, (b) 259#, and (c) 364#).

that the outer wall (containing O,) of the tubing was more
seriously corroded than the inner wall (without O,) and the
middle and lower part (liquid phase) of the outer wall of
the tubing was more seriously corroded than the upper part
(gas phase).

It could be concluded that dissolved oxygen was the main
factor leading to the outer wall corrosion of tubing. The corro-
sion under scale in dissolved oxygen was the main reason for
the formation of local corrosion pits on the outer wall of tubing.

4.3. Corrosion Mechanism Analysis

(1) Dissolved oxygen corrosion

Dissolved oxygen corrosion of tubing outer wall in aque-
ous solution is an electrochemical corrosion process, and its
corrosion mechanism is as follows [14-19]:

Anode reaction: Fe= Fe** + 2e

Cathode reaction: O, + 2H,0 + 4e=4OH"~

In solution: Fe** + 20H™ = Fe(OH),

Fe(OH), can be further oxidized: 4Fe(OH), + O, + 2H,
O = 4Fe(OH),

In the case of little oxygen, Fe(OH), and Fe(OH); can
also react as follows:

2Fe(OH), + Fe(OH), = Fe,0, + 4H,0

In a dry environment, Fe(OH), dehydrates: 2Fe(OH),
= Fe,0, + 3H,0

(2) Subscale corrosion

The local corrosion of the tubing wall caused by dissolved
oxygen is related to the deposition of corrosion product film
and CaCO; deposit. Due to the influence of scale layer and
corrosion product film, the flow of the medium on the sur-
face and the diffusion of the dielectric are limited, resulting
in large changes in the composition and pH value of the
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TasLE 7: Composition analysis results of corrosion products at different positions of 258# sample surface.
Number C (¢} Mg Al Si K S Ca Cr Mn Fe Ni Cu Total
] Weight% 13.48 35.04 0.28  0.51 0.52 0.90 1.35 24.41 20.46 2.35 0.70 100.00
Atomic%  26.08 50.90 024 042 0.31 0.66 0.78 10.91 8.51 0.93 0.26
) Weight% 8.17 37.58 040  0.73 0.34 0.72 4.76 048  44.92 191 100.00
Atomic% 16.86  58.20 036  0.64 0.26 0.45 2.27 0.21 1993 081
3 Weight% 1239 5357 247 032 073 021 22.90 7.41 100.00
Atomic% 19.72 64.04 194 0.23 0.50 0.10 10.93 2.54
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TasLE 8: Composition analysis results of corrosion products at different positions of 259# sample surface.
Number C (¢} Mg Al Si K S Ca Cr Ti Fe Ni Total
] Weight% 9.88 34.54 1.08 1.48 1.78 31.70 17.07 2.46 100.00
Atomic% 20.28 53.21 0.68 1.14 1.09 15.03 7.54 1.03
5 Weight% 7.76 39.15 0.43 0.39 0.41 0.72 5.61 2.75 41.30 1.48 100.00
Atomic% 15.82 59.89 0.43 0.34 0.31 0.44 2.64 1.40 18.10 0.62
3 Weight% 11.99 52.56 2.60 0.17 0.20 26.82 5.65 100.00
Atomic% 19.30 63.50 2.07 0.12 0.12 12.93 1.96
TasLE 9: Composition analysis results of corrosion products at different positions of 364# sample surface.
Number C (¢} Mg Al Si K S Ca Cr Fe Ni Mo Total
] Weight% 14.46 33.68 0.30 1.35 28.43 17.77 2.12 1.88 100.00
Atomic% 28.19 49.28 0.18 0.79 12.80 7.45 0.85 0.46
5 Weight% 8.45 30.52 0.37 0.55 1.07 0.28 12.46 42.50 2.24 1.56 100.00
Atomic% 18.77 50.91 0.40 0.54 1.02 0.18 6.40 20.31 1.02 0.44
3 Weight% 12.32 52.00 5.09 0.53 1.26 0.22 22.86 0.28 497 0.46 100.00
Atomic% 19.62 62.15 4.01 0.37 0.86 0.13 10.91 0.10 1.70 0.15
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FIGURE 10: Surface X-ray diffraction analysis results of the sample ((a) blocky; (b) powder).

medium in the blocked corrosion pit, resulting in the block-
ing battery corrosion [20, 21].

In addition, when an incomplete or partially damaged or
detached film layer is formed on the outer surface of the tub-
ing, corrosive electrocution or blocking batteries with a
strong autocatalytic effect are formed between different sur-
face coverage areas, which will also accelerate local corrosion.

5. Conclusions and Recommendations

5.1. The Conclusion

(1) The impact property, tensile strength, yield
strength, and elongation of the four tubing meet
the requirements of API Spec 5CT for P110 tubing;

(2)

3)

the metallographic structure is normal. All of them
are tempered martensite, the grain size is grade 9.0,
and there is no oversize nonmetallic inclusion;
there is no difference in chemical composition
and corrosion resistance

Dissolved oxygen will lead to a significant increase in
the corrosion rate of the sample. Compared with the
conditions without dissolved oxygen, the corrosion
rate of the sample in the gas phase increases by 2 to
3 times, and the corrosion rate in the liquid phase
increases by 70 to 80 times

Subscale corrosion under the condition of dissolved
oxygen is the main reason for the formation of local
corrosion pits on the outer wall of the tubing
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5.2. Suggestion. When taking clear water to replenish fluids,
avoid direct use. Local corrosion of the tubing surface can
be controlled by adding a deoxidizer, a corrosion inhibitor,
or a combination of both.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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