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Abstract:

Water Injection in which water, such as seawater, is
injected into reservoir of oil has been conducted in order
to enhance the recovery rate. Corrosion resistance
against seawater is necessary for tubing materials used
for seawater injection. JFE Steel has commercialized
JFE-UHP™-15CR-125 and JFE-UHP™-17CR-110 as
highly corrosion-resistant OCTG (Oil Country Tubular
Goods) materials. Corrosion resistance of these materi-
als was evaluated in the conditions simulating water
injection. Most of the test were conducted at the location
under higher temperature and higher amount of dissolved
oxygen conditions which are possible operation conditions
of water injection, because stainless steels have higher
susceptibility to localized corrosion in the conditions.
The result shows that corrosion rate of the materials was
less than 0.006 mmly and the materials were free from
localized corrosion in crevice-corrosion specimens, clari-
fying that JFE-UHP™-15CR-125 and JFE-UHP™.-
17CR-110 can be used for tubing materials for water
injection.

1. Introduction

Crude oil is extracted by inserting steel tubes into
geological formations (reservoirs). In the initial stages
of production, crude oil can be extracted by the high
pressure within the reservoir. However, as production
progresses, the reservoir pressure declines and produc-
tion ceases, despite some crude oil still remaining in the
formation. Methods for extracting this residual crude
oil are referred to as Enhanced Oil Recovery (EOR)
techniques. One such method is Water Injection, also
known as Water Flooding.

In the Water Injection method, water is injected into
the reservoir to maintain the pressure, which helps to
enhance the recovery rate of petroleum from the for-
mation"). Since seawater is predominantly used for this

injection”, the steel pipes used to inject the water
(injection pipes) must have high seawater corrosion
resistance.

JFE Steel has commercialized highly-corrosion-re-
sistant oil country tubular goods (OCTGs), specifically
JFE-UHP ™-15CR-125% (15CR steel) and JFE-
UHP™-17CR-110** (17CR steel). This paper presents
the results of an evaluation of the corrosion resistance
of these steels in seawater simulating Water Injection
conditions.

2. Environments in Water Injection

Figure 1 illustrates the operational environments of
the Water Injection method, classified by the tempera-
ture and dissolved oxygen concentration in the seawa-
ter. The seawater used in Water Injection is usually
deoxidized” because stainless steel is at a higher risk of
localized corrosion in seawater with high dissolved oxy-
gen concentrations®. Under the usual injection condi-
tions, the inner surface temperature of the injection
pipes remains below 40°C, and the dissolved oxygen
concentration in the seawater is controlled to be below
20 ppb (Case (1) in Fig. 1). However, there is a possibil-
ity that seawater with a high dissolved oxygen concen-
tration could be injected due to failure of the deoxy-
genation equipment during operation, increasing the
risk of localized corrosion of the stainless steel. This
risk scenario corresponds to Case (2) in Fig. 1. Simi-
larly, if seawater injection stops due to failure of the
injection equipment, the seawater inside the steel pipes
can be heated by geothermal heat, causing the tempera-
ture of the seawater to rise. This scenario corresponds
to Case (3) in Fig. 1. Generally, the risk of localized
corrosion of stainless steel increases with rising tem-
perature”®, which means the risk is higher in Case (3)
than in Case (1). Case (4) represents the conditions
where seawater with a high dissolved oxygen concentra-
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Fig. 1

tion is injected, and injection is subsequently stopped.
This scenario, characterized by both a high dissolved
oxygen concentration and high temperature, poses the
highest risk of localized corrosion in stainless steel
during actual operation. In this study, the corrosion
resistance evaluation focused primarily on the condi-
tions of Case (4).

3. Evaluation of corrosion resistance in
conditions simulating Water Injection

3.1 Experimental

3.1.1 Material

Table 1 shows the materials used for the evaluation,
their representative compositions, and the Pitting
Resistance Equivalent Number (PREN), which is an
index calculated from the composition to indicate the
resistance of the steel to localized corrosion. For com-

Operation condition of water injection and corrosion test conditions

parison, the test materials also included L80-13CR
steel (13CR steel), which is a martensitic 13Cr steel,
and 22CR steel and 25CR steel, which are ferritic-aus-
tenitic duplex steels, in addition to the above-men-
tioned 15CR steel and 17CR steel. Seamless steel pipes
manufactured by commercial mills were used as the test
specimens.

3.1.2 Test specimens

Chapter 2 mentioned that localized corrosion is a
significant corrosion risk for stainless steel in Water
Injection environments. In actual wells, the steel tubes
are connected using mechanical threaded joints, which
create crevice structures at the threaded connections.
These crevices are particularly prone to localized corro-
sion in stainless steel. Therefore, in this study, test spec-
imens with crevice structures were subjected to corro-
sion testing.

The dimensions of the test specimens were 50 mm
in length, 25 mm in width, and 3 mm in thickness. The

Table 1 Material information, and its chemical composition and values of PREN
Sample ID UNS No | Yield Strength grade C Cr Ni Mo Others PREN
L80-13CR S42000 80 ksi 0.2 13 - - - 13.0*
JFE-UHP™-15CR-125 | $42625 125 ksi 0.03 | 15 6 3 1Cu-added 24.9%
JFE-UHP™-17CR-110 | S42825 110 ksi 0.03 | 17 | 45 3 1Cu and 1W-added 28.6%
22CR-125 S31803 125 ksi 0.02 22 5 3 0.2N-added, Cold-drawn 35.1
25CR-125 S32760 125 ksi 0.02 25 6 3 0.6Cu-0.5W-0.3N, Cold-drawn | 40.5
PREN = Cr+3.3%X (Mo +0.5XW) +16xXN
* N concentration was regarded as zero for calculation of PREN value of L80-13CR, 15CR-125 and 17CR-110.
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Fig. 2 Setup of crevice corrosion specimen

specimens were cut from the steel tubes. Figure 2 shows
the configuration of the crevice corrosion test speci-
mens. Nonconductive PVC (polyvinyl chloride) rings
were placed on both sides of the test specimens and
pressed against the specimen surface by bolting from
the outside, thereby creating crevices between the speci-
men surface and the PVC rings.

3.1.3 Corrosion test

Figure 1 also shows the corrosion test conditions
used in this study, indicated by numerical symbols. The
corrosion tests under conditions 1 to 10 were conducted
for up to 720 hours. Under test condition 11, the dis-
solved oxygen concentration was alternated between
50 ppb for 48 hours and 125 ppb for 2 hours. This cycle
was repeated until the testing time reaching 720 hours.
This condition simulates the temporary increases in the
dissolved oxygen concentration that occur during
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actual operation.

Figure 3 is a schematic diagram of the corrosion test
apparatus. The test temperature was controlled by plac-
ing a glass container inside a temperature-controlled
water bath. The temperature was monitored with a
thermometer to ensure that the intended temperature
was maintained throughout the test. The intended dis-
solved oxygen concentration was achieved by determin-
ing the appropriate N»-O2 gas mixture composition
through thermodynamic equilibrium calculations. A
membrane-type dissolved oxygen sensor was used to
confirm that the desired dissolved oxygen concentra-
tion was maintained. After the specified corrosion
period, the test specimens were examined for the pres-
ence of localized (crevice) corrosion after removing
corrosion products. Specimens without localized corro-
sion were judged as “pass,” while those with localized
corrosion were judged as “fail.” The average corrosion
rate was also calculated based on the weight difference
before and after the test (weight loss method).

3.1.4 Control of dissolved oxygen concentration
at temperatures above 80°C

The dissolved oxygen concentration during the
experiment was measured using a dissolved oxygen sen-
sor. However, since the membrane-type dissolved oxy-
gen sensor correctly measured temperatures lower than
80°C, the corrosion environment for temperatures
exceeding 80°C was achieved as follows. Figure 4 shows
the relationship between the temperature and dissolved
oxygen concentration when using various N»-O» gas
mixtures. Measurements of the dissolved oxygen con-
centration at temperatures ranging from 25°C to 80°C
indicated that the relationship between the two vari-
ables changed exponentially.

The dissolved oxygen meter cannot be \
applied at temperatues higher than 80°C X
(176°F). !
The D.O. level at the higher temperatures 1
was estimated from the relationship i
between D.O. concentration and '
temperatures lower than 80T (176°F). X
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Fig. 3 Schematic illustration of apparatus of corrosion test
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Fig. 4 Relationship between temperature and amount of
dissolved oxygen for each N2-O2 mixture gas

The test condition at 93°C is explained as an exam-
ple for further explanation. Based on the fitted expo-
nential relationships shown in Fig. 4, the dissolved oxy-
gen concentration at 93°C of the six mixed gases in the
figure was estimated. Figure 5 illustrates the relation-
ship between the oxygen concentration of the N»-O»
gas mixture and the estimated dissolved oxygen con-
centration at 93°C.

The relationship between the two variables was lin-
ear, confirming that it follows Henry’s law. Based on
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mixture gas and estimated amount of dissolved
oxygen

these results, gas mixtures with 0.85% and 1.9% oxygen
concentrations were used to achieve dissolved oxygen
concentrations of 50 ppb and 125 ppb, respectively.
The test conditions for 90°C were determined by the
same procedure.

3.2 Results and Discussion

Figure 6 shows the test results under each test con-
dition. The open symbols indicate pass, while filled
symbols indicate fail. The average corrosion rate for all
steels in this evaluation was below 0.006 mm/y, which is
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Fig. 6 Results of corrosion tests in simulated conditions of water injection
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Fig. 7 Appearance of the specimens after the corrosion test
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smaller than the pass/fail threshold of 0.127 mm/y
(5 mil/y). Therefore, the pass/fail results in Fig. 6 corre-
spond to the presence or absence of localized corrosion.
As discussed in Chapter 2, higher dissolved oxygen
concentrations and higher temperatures are expected to
increase the likelihood of localized corrosion. There-
fore, conditions with lower dissolved oxygen concentra-
tions and lower temperatures than the test conditions
for which pass judgments were obtained are considered
to pass. The areas enclosed by bold lines in Fig. 6 indi-
cate the applicable conditions for the 15CR steel and
17CR steel. The 15CR steel and 17CR steel are consid-
ered applicable in environments with dissolved oxygen
concentrations of up to 125 ppb at 93°C in case of a
temporary increase of the dissolved oxygen level.

On the other hand, localized corrosion occurred in
the 15CR steel and 17CR steel under test condition 8,
which involved an environment of 75°C and dissolved
oxygen concentration of 300 ppb. Figure 7 shows the
appearance of the test specimens after the corrosion
test. Circular marks were observed near the round hole
in the center of the test specimens, indicating occur-
rence of crevice corrosion. The maximum depth mea-
sured with a digital microscope using the depth-of-fo-
cus method is also shown in Fig. 7. Although the depth
was less than 10 ym, localized corrosion was present.
As shown in Fig. 7, crevice corrosion also occurred in
the 22CR steel under this condition. As indicated in
Fig. 6, the 15CR steel and 17CR steel are applicable
even in the Case (4) environment, which poses the high-
est risk of localized corrosion in Water Injection. It is
generally thought that steels with a PREN value of 40
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or higher are required for seawater environments under
atmospheric conditions®'”. However, in deoxygenated
seawater environments like those in Water Injection,
the 15CR steel and 17CR steel are applicable even if
the dissolved oxygen concentration rises to around
300 ppb.

4. Conclusion

In this paper, the corrosion resistance of JFE Steel’s
highly corrosion-resistant OCTG materials, JFE-
UHP™.15CR-125 and JFE-UHP™-17CR-110, in
Water Injection environments was evaluated, and the
following results were obtained:

- The average corrosion rate calculated by the weight
loss method was below 0.006 mm/y, which is smaller
than the pass/fail threshold of 0.127 mm/y (5 mil/y).

- Even under high-temperature and high-dissolved oxy-
gen concentration conditions, under which stainless
steels are prone to crevice corrosion, no crevice corro-
sion occurred within the range of conditions tested
here.

- Based on these results, it was concluded that JFE-
UHP™-15CR-125 and JFE-UHP™-17CR-110 are
suitable for use as injection pipes in Water Injection
applications.

All figures and tables are used with permission by
AMPP (OAMPP 2024, used with permission.)
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