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1 Introduction

A representative example of oil country tubular goods
{OCTG) for use in wet CO, gas environments is 13%Cr
martensitic stainless steel pipe, which is included in the
standards of American Petroleum Institute (API) as API-
13Cr. The use of 13%Cr OCTG in the oil field has
increascd over the last several years, because of its supe-
rior CO, corrosion resistance.’™

However, there have been problems with APL-13Cr
because its CO, corrosion resistance deteriorates when
the oil well temperature exceeds 150°C, making it
unable to withstand use.” Recent years have also seen an
ingrease in the number of wells with severe corrosion
environments characterized by high temperature, high
partial pressure of CO,, and high concentration of ¢chlo-
ride ions. In many cases, the CO, corrosion resistance of
13%Cr pipes is inadequate for these conditions. More-
over, in an increasing number of cases, water injection
penerates H,S, or H,8 is present in the well from the
outset. Although 15,S causes the problem of suifide
stress cracking (SSC), API-13Cr does not provide ade-
guate resistance to 55C 311 these environments 22Cr
duplex stainless steel pipes or higher alloy pipes have
been used.” However, 22Cr stainless steel pipes and

* Originally published in Kuwasaki Steel Giho. 29( 199732, 84 89

Synopsis:

A new 13Cr martensitic stainless steel with excellen!
resistance to CO corrosion and good resistance to S5C
has heen developed and its application limit in oil and
gas environment of the new steel has been clarified. The
CO, corrasion rate of the 13Cr steel is reduced with a
decrease in C content und an increase in Ni content. The
critical CO, partial pressure Jor this new steel is 5 MPua
at 150°C. The SSC resistance increases with un increase
in Mo content. The SSC resistance of 13Cr steel depends
on hvdrogen permeability. This new 13Cr steel pipe
proves to have excellent properfies in a sweel and
slightly sour environment.

resistance than is necessary, and also incur higher costs.
Because of these problems, a new OCTG has been
required as an intermediate product between API-13Ct
and 22Cr duplex stainless steel.

In response to this nced, a new martensitic stainless
steel pipe, HP-13Cr, was devcloped with a new compo-
sition that offers improved CO, corrosion resistance and
SSC resistance.

This report clarifies the factors which affect the corro-
sion resistance of 13Cr steel pipes and the effect of
alloying elements, discusses the development of the HP-
13Cr steel pipe with improved C(), corrosion resistance
and SSC resistance, and describes the possible range of
application of the new product,

2 Development of Pipe with Excellent CO,
Corrosion Resistance

2.1 Concept of Development

Higher partial pressures of CO, in the environment
and elevated temperatures accelerate the general corro-
sion of 13Cr steel” and higher concentrations of chlo-
ride ions accelerate pitting. Figure T shows the effect of
alloying elements on the rate of CO; corrosion. In a wet
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CO, environment, adopting a low C composition or
increasing the content of Cr and Ni is effective for
improving general corrosion resistance, while the addi-
tion of Mo is effective for improving pitting resistance.
Accordingly, the concept of the new composition was to
reduce the C content and add Ni in order to improve
general corrosion resistance, and to add Mo to improve
pitling resistance.

Incidentally, with 13Cr pipes, if the content of ferrite
former elements is increased, a O-ferrite phase precipi-
tates in the austenite phase in the high-temperature
region. The precipitation of this 6-ferrite is thought to be
related to reduced hot workability and deterioration of
corrosion resistance. C and Ni are austenite-formers,
and Mo is ferrite-former. Becausc the low-C, Mo-added
composition of the new steel tends to promote the for-
mation of the d-ferrite phase, the amount of Ni addition
was decided in consideration of the phase balance. The
concept described above is illustrated in Fig. 2.

2.2 Experimental Procedure

The sample suaterials were laboratory heats with a
basic 13Cr steel composition and reduced C content and
added Ni and Mo. The chemical composition of the
respective sample steels are shown in Table 1. The sam-
ple ingots were rotled to a thickness of 12 mm, soaked
for 40 min at 1 000°C, and quenched by air cooling. The
specified strength was then obtained by tempering.

(O, corrosion resistance was cvaluated by the crevice
corrosion test and U-bend stress corrosion cracking
(SSC) test. The crevice corrosion test was performed
using specimens 3 mmt X 25 mmw X 50 mml  taken
from the center of the phate thickness of the sample
material, After creating a crevice with a teflon jig. the
specimens were immersed in an autoclave. €O, corro-
sion resistance was evaluated by the gencral corrosion
rate (mm/y), which was obtained by conversion from
corrosion loss. 1n the U-bend SCC test, specimens 2
mmt ¥ 10 mmw X 75mml were taken from the center
of the plate thickness of the sample material, and were
immersed in an autoclave after U-bending. As test con-
ditions, a 20% NaCl solution and CO, gas partiat pres-
sure of 3.0 MPa were used in both cases. The test tem-
perature was 130°C, and period was 168 h. As a com-
parison material, an API-13Cr steel pipe was also tested.

2.3 CO, Corrosion Resistance

The results of the crevice corrosion test and SCC test
are shown in Table 2. In contrast (o the corrosion rate of
the API-13Cr pipe, which was more than | mm/y, the
corrosion rate of the newly-developed steel was 0.05
mm or under with all the compositions tested, showing
excellent CO, corrosion resistance. Even when the C
content was varied between 0.01% and 0.03%, there was
no effect on CO, corrosion resistance. The corrosion
rate of the Mo free steel was .05 mm/y, which is high in
comparison with 1%Mo steel, although sufficiently low
when compared with APL-13Cr. From this fact, it 1s con-
sidered that C reduction and Ni addition are more effec-
tive than Mo addition for improving CO, corrosion
resistance.

In the SCC test. SCC was observed in the Mo free

Table 1 Chemical composition of steels tested (mass % )
Steel T C 5i ' Mn Cr | Ni O Mo
A oo o | eas | e | e | 0w
5| oo T oad | 046 129 T3y ¢ om
U T G (RTINS S O M o %"‘-‘-“__‘j__m
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steel and the 0.75% Mo steel. On the other hand, no
SCC was observed 10 1% Mo steel, regardless of the
contents of C and Ni. This indicates that a 1% addition
of Mo is necessary to secure SCC resistance. No SCC
was observed in the API-13Cr steel tube, but this result
was attributed to the general corrosion morphology of
the material.

Corrosion in a high temperature CO, environment
proceeds with Cr carbides as the cathodic site of the cor-
rosion reaction. Accordingly, it is considered that the
cathodic reaction invelved in corrosion was suppressed
in the newly-developed stecl, because the carbide con-
tent of the new steel, which has a reduced C content,
was small in comparison with that of API-13Cr. In addi-
tion, decreasing the Cr carbide content results in a pro-
portional increase in the content of Cr, which is effective
in preventing corrosion, and it can therefore be thought
that the anodic reaction in corrosion is also suppresscd.
Thus, reducing the C content is considered to be effec-
tive in improving CO, corrosion resistance.

Figure 3 shows the distribution of elements obtained
by an EPMA analysis of the corrosion product which
formed on the surface of steel A and the API-13Cr pipe
in the CO, corrosion test. In both cases. the test pieces
were corroded under conditions of a CO, partial pres-
surc of 3.0 MPa and temperature of 130°C. A corrosion

Table 2 Crevice corrosion test and SCC test results

I Crevice corrosion SSC
Steel T (mm/y) U-bend

A 0.036 _ NC
B 00 NC
¢ 0.023 : NC N
D 0.028 ' NC
E 0050 C
i 0027 T

APLISCT R NG

NC: No crack, C: Crack
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Fig. 3 Distribution of Fe, Cr and Ni on the cross
section of corrosion product in CO, environ-
ment
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product having a thickness of approximately 25 um was
ohserved on the API-13Cr steel. In contrast, the thick-
ness of the corrosion product on steel A was extremnely
thin, at approximately 5gm. Both corrosion producs
contained virtually no Fe and were Cr enriched. Ni
enrichment was not detected in the carrosion product on
steel A.

Regarding the state of the respective elements in this
environment, it can be estimated that Fe exists in ion
form, Cr exists in oxide form, and the metallic state of
Ni is thermodynamically stable. This agrees with the
results of the analysis by EPMA, which showed Cr
enrichment but detected virtually no Fe. Because Ni
shows little tendency to ionization and the metallic state
is stable, it was not possible 1o confirm the existence of
Ni in the EPMA analysis of the corrosion film. Because
it is known that Ni reduces the dissolution current in the
active region in steels which contain Cr. it is considered
possible that Ni suppressed corrosion in this case.

However, it is thought that the transfer of ions, etc.
was facilitated by the comparatively rough corrosion
film which formed here, and the corrosion film on steel
A was thin. These and other points suggest a high possi-
bility that the difference in the corrosion rates of steel A
and the API-13Cr was not due ta the corrosion-preven-
tive effect of the corrosion film, but rather was due to a
difference in the rate of the corresion reaction. Accord-
ingly, it can be thought that the most important reasons
for the excellent corrosion resistance of the newly-devel-
oped steel are the increase in the effective Cr content
and the reduction in the number of cathodic reaction
sites, which were due to the decrease in C.

2.4 Pipe Manufacturing Results and Corrosion
Resistance

In addition to the results of the study of corrosion
resistance described above, the contents of C, Ni, Mo,
and other elements were also decided in consideration of
the hot workability of the steel. Pipes with an outer
diameter of 88.9 mm (3-1/2") and a wall thickness of
6.45mm were then manufactured by seamless rolling,
and their features were investigated. Strength was
adjusted to a 95 ksi (650 MPa) grade yield strength. The
comparison material was a 13Cr steel pipe with the
same wall thickness and outer diameter, adjusted to the
same grade. The chemical composition of the sample
pipes is shown in Table 3.

The CO, corrosion test was performed with speci-
mens 3 mmt X 25 mmw ¥ 50 mml, which were taken
from the plate thickness center of the sample steel pipes

Table 3 Chemical composmon of plputmd% %)

. . -
) | Si Mo Cr <~> Ni Mo

Pipe ] €
HP13Cr i 0.025 .25

04h ‘ 13. 4(: 1.0
o . ! S =
APL13Cr J 0.20 023 044 J 13.0 1 -1 -
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and immersed in an autoclave. Test solution was a
20%NaCl solution. After saturation with CO, at 0.3-3.0
MPa, the solution was heated to 100-200°C and held at
this temperature for 7 ¢. The corrosion rate (mim/y) was
calculated based on a measurement of the weight of the
specimens before and afler the test, and was used to
evaluate CQ, corrosion resistance.

The results of the CO, corrosion resistant test are
shown in Fig. 4. The corrosion rate (mm/y) at cach tem-
perature is expressed by the figures appended to the
symbols. The standard for judging whether the material
could be used or not was a corrosion rate of 0.125 mm/y.
The HP-13Cr pipes showed a lower corrosion rate than
the API-13Cr pipe and can be used at higher tempera-
tures and higher CO, partial pressures, and were there-
fore judged superior to API-13Cr in CO, corrosion
resistance.

3 Development of Pipe with Excellent SSC
Resistance

3.1 Concept of Development

Although the mechanism of SSC in 13Cr steel pipes
is basically hydrogen embrittlement, the cracks in S5C
develop from the bottom of pits In many cases. Thus,

two points are important for improving SSC resistance:
these are reducing the amount of hydrogen which per-
meates the steel and improving pitling resistance. The
influence of alloying clements and environmental factors
on SSC resistance and hydrogen permeation behavior
was therefore investigated with the purpose of improv-
ing the SSC resistance of HP-13Cr steel pipes.

3.2 Experimental Procedure

The sample material was based on the composition of
the HP-13CT steel pipe. Laboratory ingots with varying
contents of Mo and Ni were used. The chemical compo-
sition of the respective samples is shown in Table 4. The
ingots were rolled to a thickness of 12 mm, heated to
1 000°C for 40 min quenched by air cooling, and tem-
pered to obtain the specified strength.

The SSC test was performed in accordance with the
constant load test specified in NACE-TM0177-96.
method A”. The test solution was a 5%NaCl+
0.5%CH,COOH solution adjusted to a pH of 2.8-4.5 by
adding CH,COONa. This solution was allowed to per-
meate the test pieces, which were under stress loading,
for 30 d at 24°C, while a balanced mixed gas of 1-25%
H,S 4 CO, at (.1 MPa was passed through the solution.
The applied stress was 100% SMYS {specified mim-
mum yield strength).

A hydrogen permeation test was conducted to investi-
gate the effect of alloying elements on the diffusion
coefficient of hydrogen and the effect of environmental
factors and alloying clements on hydrogen permeation.
A test picce was inserted between a cell contlaining a test
solution which simulated a corrosion environment and a
cell which was used to measurement of the hydrogen
permeation rare, and the hydrogen permeating from the
environment side was measured as the anode current.

The hydrogen diffusion coctlicient was measurcd by
passing a -100 mA/em® cathodic current with a galvano-
stat, using a 0.3%H,S0, + 0. 1%SC{NH.): sofution on
the environment side.

The hydrogen permeation rate was measured using
the same solution as in the SSC test on the environment
side (53%NaC1 + 0.5%CH,COOH solulion, adjusted o a
pH of 2.8 -4.5 by adding CH,COONa) while passing a
balanced mixed gas of 1-10%l1,S + CO, at 0.1 MPa.
The thickness of the specimens was 1 mm, and the sur-
face area where hydrogen permeation was measurcd was
7 e’

Table 4 Chemical composition of stecls tested

i e . ‘ Si :
G 0.027 | 0.25
H 0.027 0.25

HIM3Cr - —
] 0.026 , 0.25

] | oz l 0.25 ;
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3.3 SSC Resistance

The effect of Ni and Mo on SSC is shewn in Fig. 5.
Although increasing the content of Ni from 4% to 5%
had no effect on SSC resistance, increasing the Mo con-
tent from 1% to 2% improved SSC resistance. Under
conditions of pH 3.0 or pHl 3.8, Mo showed virtually no
effect in improving SSC resistance, but in the pH range
of 3.2 to 3.5, an Mo addition effect appearcd. Because
Mo is an element which is cfTective in improving pitting
resistance, it was particularly effective on the high pH
side, where pits tend to serve as points of origin for
SSC.

These results showed that increasing the amount of
Mo addition is effective in improving SSC resistance.

3.4 Effect of Alloying Elements on Hydrogen
Diffusion Coetficient

In order to evaluate guantitatively the hydrogen con-
tent in the steel, the hydrogen diffusion rate was mea-
sured clectrochemically. When the number of hydrogen
trap sites is large, the apparent hydrogen diffusion coef-
ficient becomes small. Figure 6 shows the hydrogen dif-
fusion coefficients of API-13Cr steel pipe and steels G

10

Hydrogen diffusion coefficient Dy (tm i)

0’ L L
AP 3Cr Steel G (1Mo

I
Sieel U (ZMo)
Fig. 6 Effects of atloying eclements on hydrogen

diffusion coefficient
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and H. Increasing the amount of Mo and Ni has the
effect of decreasing the hydrogen diffusion coefficient.
In other words, by increasing the conteni of Ni and Mo,
the content of hydrogen is also increased. A reduction i
the hydrogen diffusion cocfficient accompanying the
addition of alloying elements has been reported previ-
ously.™ It is thought that the diftusion of clements 18
obstructed when substitutive-type alloying elements per-
meate the Fe lattice. In companson with ordinary 13Cr
steel, HP-13Cr steel, which has a high content of Mo
and Ni, has a low hydrogen diffusion coefficient, and its
content of hydrogen is large. In other words, fIP-13Cr
steel has higher hydrogen embrittlement sensitivity than
API-13Cr steel pipe.

3.5 Effect of Mo and Environmental Conditions
on Hydrogen Permeation of Steel

As mentioned above, the hydrogen embrittlement sen-
sitivity of HP-13Cr steel is high in comparison with that
of low-alloy steels and APL-13Cr steel pipes. Accord-
ingly, the excellent SSC resistance of HP-13Cr steel 18
considered to result from suppression of hydrogen per-
meation into the steel. Hydrogen permeation of the stecl
was therefore evaluated guantitatively using 1% Mo
stec! (steel G) and 2% Mo steel (steel H) o clarify the
effect of environment conditions and the Mo content.

Figure 7 shows the results of measurements of the
hydrogen permeation rate under conditions of pH: 3.5,
H,S: 0.01 MPa. With 1%Mo steel, the hydrogen perme-
ation rate showed a tendency to increase with time. This
considered to show a phenomenon in which the passiva-
tion film is destroyed. On the other hand, the hydrogen
permeation rate of 2%Mo steel reached its maximunt at
approximately 18 uA and decrcased thereafter, which 1s
considered to show the effect of the increased Mo con-
tent in promoting repassivation.

Figure 8 shows the results of measurements of the
hydrogen permeation rate under conditions of pH: 3.0,
H.S: 0.001 MPa. Under these conditions. after hydrogen
permeation reached its maximum  value with both
1%Mo steel and 2%Mo steel, hydrogen continued to
permeate the steel at a substantially constant rate. This

60
= UOZRC-13Cr-4Nj steel
3 5% NaCl sol.
u H.S: 0.01MPa
h PR
; wl pH:3.56
=
5
1)
E
:J
= ok Steel H (2%Ma)
% Steel 6 (1%Mo)
e
B
I . aal A id
1 i 100
Test duration (h)
Fig. 7 Hydrogen permeation rate test result
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behavior agrees with the hydrogen permeability of low-
alloy steel under conditions in which a protective film
docs not form. This shows that a passivation film does
not exist on HP-13Cr stee! under the condition of pH:
3.0 regardless of the Mo content, and corrosion there-
fore progresscs at a constant rate, In other words, HP-
13Cr steel shows extremely high SSC sensitivity under
the condition of pH: 3.0, which indicates that it would
be difficult to use this material under conditions where
H,S 15 present.

At a pH of 4.0, as shown in Fig. 9, the hydrogen per-
meation rate decreases greatly compared with the casc
when pH: 3.5. When the pH increases to 4.5, hydrogen
permeation is no longer observed. This is considered to
show that hydrogen permeation from the stecl surface
has stopped because the passivation film becomes stable
at pH: 4.5, and corrosion no longer occurs.

From the foregoing, it is clear that HP-13Cr steel can
be used even in sour environments, provided considera-
tion is given to the limit H,S concentration relative to
the pH of the environment when conditions exceed pH:
3.

4 Conclusion

(1) In comparison with API-13Cr steel, HP-13Cr steel
is superior in CO, corrosion resistance and can be
used at higher CO, partial pressures and higher tem-
peratures. The excellent CO, corrosion resistance of
HP-13Cr steel is considered to be attributable to (a) a
reduction in the Cr carbides that form cathode sites
for the corrosion reaction, which 1s achieved by
reducing the C content, (b} an increase in the effective
Cr content available for preventing corrosion, which
results from the reduction in Cr carbides, and {c) sup-

20
5. 13Cr- i slee
= 0.025C-15Cr-4Ni steel Steel G (1%Mu), pH - 4.0
i 5% NaCl sel
3
¥ gl TSc001ME
O pH 40445
=
£
o
PR Seel H (2% .
=] Steel H (2%Mao). pH - 4.0
S
=3
L sp Steel G (1%Ma). pH < 4.5
= steel H (2% Mo}, pH 245
=
0 . .
0 20 A0 6t & 10y
Test duration {h)
Fig. 9 Hydrogen permcation rate test result

pression of the corrosion reaction by adding Ni,
which shows only a slight tendency to ionize under
high-temperature and high CO, partial pressure con-
ditions.

(2) The most effective means of improving the SSC
resistance of 13Cr stee! is increasing the Mo content.
Increasing the Ni content have no effect on SSC resis-
tance. The effect of Mo in improving SSC resistance
is due to improvement of hydrogen permeation.
Based on the knowledge described above; HP-13Cr

steel pipes were developed using a low-C-13Cr-Ni-Mo

composition design which provides excellent CO, corro-
sion resistance and SSC resistance.
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