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Abstract:

A martensitic stainless steel seamless pipe for
linepipe application, KL-HP12CR, has been developed
with good weldability, mechanical properties and corro-
sion resistance. Weldability is improved by the reduction
of both C and N content. C reduction is also effective to
the improvement of CO, corrosion resistance achieving
the corrosion rate less than 0.127 mm/y under the CO,
environment at 160°C and 2.0 MPa. It can be applied
under the H,S environment at pH4.0 and 0.001 MPa,
since the resistance to sulfide stress cracking (SSC) is
improved by Mo addition. The pipe has X80-grade
strength and sufficient low temperature toughness for the
practical use as a linepipe. Post weld heat treatment
(PWHT) in a few minutes, the reduction of C content and
addition of Ti are effective to prevent intergranular
stress corrosion cracking (IGSCC) at the heat affected
zone. Further application of the pipe is expected for the
transportation of product fluid with corrosive gas such
as CO,, as an economical material with low life cycle
cost.

1. Introduction

Due to increasing concern about the depletion of oil
resources, oil and gas wells are being operated at ever-
higher temperatures and pressures, and the production
fluid generally contains CO,, making it more corrosive.
As a result, it is important to prevent CO, corrosion for
the pipelines called flowlines and gatheringlines which
transport the fluid before eliminating corrosive sub-
stances and water. Furthermore, the fluid often contains
trace amounts of H,S, so measures to prevent sulfide

stress cracking (SSC) are also needed. Under such cor-
rosive environments, the conventional method of pre-
venting corrosion is to use carbon steels as the linepipe
material and to inject an inhibitor into the fluid". Cor-
rosion prevention by an inhibitor, however, increases
the operating cost particularly in offshore pipelines, so
inhibitors are being used less, particularly in view of
the recent focus on life cycle cost. Another reason for
not using inhibitors is concern about pollution caused
by accidental leakage. Therefore, there is demand for an
economical material for linepipes that does not require
an inhibitor. Existing corrosion resistant alloys for
linepipes include duplex stainless steels?, but these have
drawbacks of very high material cost, difficulty in con-
trolling the welding heat input, and excess anticorrosion
action in many cases, even though the steels have excel-
lent corrosion resistance.

In comparison, martensitic stainless steels generally
show poor weldability, and require preheating and long
post welding heat treatment (PWHT). Consequently,
martensitic stainless steels are rarely used for pipelines
in view of pipe-laying efficiency. Nevertheless, mar-
tensitic stainless steels have an appropriate level of CO,
corrosion resistance, and are inexpensive compared with
duplex stainless steels.

With this background, JFE Steel has used its exten-
sive steel-making technologies to improve the weld-
ability of martensitic stainless steels by decreasing the
C and N contents, and by controlling the added alloying
elements, thus developing a martensitic stainless steel
seamless pipe for linepipes offering excellent weldabil-
ity and corrosion resistance. This paper describes the
development and characteristics of the steel pipe.
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Table 1 Results of y-groove cracking tests for low C + N martensitic stainless steels

Preheating temperature
Material
30°C 70°C 100°C
0.03C-0.01N Crack Crack Crack
11Cr-1.0Ni-0.5Cu
0.01C-0.03N Crack Crack Crack
12Cr-1.0Ni-0.5Cu No crack No crack No crack
0.01C-0.01N 12Cr-1.0Ni-1.0Cu No crack No crack No crack
12Cr-2.0Ni-0.5Cu No crack No crack No crack

Plate thickness: 15 mm

Welding material: Type 410H SMAW, 4¢ (Diffusible hydrogen; 4.28 ¢cm?/100 g)

Welding conditions: Current; 160 A, Voltage; 24-26 V, Speed; 150 mm/min

Test conditions: Room temperature; 30°C, Humidity; 60%RH

2. Progress of Development

2.1 Target Characteristics

The target characteristics for development were as

listed below.

(1) Weldability: Welding without preheating

(2) HAZ maximum hardness: HV350 or smaller

(3) CO, corrosion resistance: Resistance to a corrosive
environment of 5% NaCl, CO, partial pressure of 3.0
MPa, 150°C

(4) SSC resistance: Resistance to an environment of 5%
NacCl, 0.001 MPa H,S, pH4.0

(5) Strength: X80 grade (550 MPa or higher yield
strength (YS))

(6) Low temperature toughness: 100 J or larger Charpy
absorbed energy at —40°C

2.2 Composition Design Concept

The composition of the steel pipe was designed
considering the effects of alloying elements in the mar-
tensitic stainless steel on the weldability, corrosion
resistance, hot-workability, and other characteristics.
Specifically, the improvement of weldability was studied
based on a composition of KO-13Cr (0.20C-13Cr-0.03N)
for OCTG for a CO, environment, while maintaining
equivalent corrosion resistance in the base material.
From the results of the study concerning the effect of
chemical composition on the hot-workability and other
characteristics mentioned below, the composition of the
steel was ultimately determined to be 12Cr-5Ni-2Mo-
0.01N with 0.015% or less C.

2.2.1 Weldability

Since welding of martensitic stainless steels tends
to cause weld cracking, preheating is applied to prevent
cracking in practice. Weld cracking is thought to be
caused by hydrogen which is dissolved in the weld metal
and the heat affected zone (HAZ) of the weld, and by the
hardening and residual stress induced by the martensitic
transformation at the HAZ?. Accordingly, an effective
means to prevent weld cracking, from the material side,

is to decrease the C and N contents and hence suppress
the hardening induced by the martensitic transformation.
Table 1 shows the result of the y-groove weld cracking
test on low C + N martensitic stainless steels®. Steels
containing 0.03% of C or N suffered weld cracking,
while steels in which both the C and N contents were
reduced to 0.01% did not suffer weld cracking even at
the preheating temperature of 30°C. This result suggests
that welding without preheating is possible only if the
C and N contents are decreased to 0.01%. JFE Steel has
the steel making technology to produce steels with such
low C and N level.

2.2.2 CO, corrosion resistance

Reduction in the C content also improves the CO,
corrosion resistance. Figure 1 shows the result of CO,
corrosion tests for martensitic stainless steels having
various chemical compositions?. The corrosion rates
given in the figure show good correlation with the CO,
corrosion indexes defined by Cr — 10C + 2Ni. The
figure shows that increasing the Cr or Ni content and
decreasing the C content improve the CO, corrosion
resistance. This improvement is presumably because the
reduction in the C content decreases the amount of Cr
carbide, thereby increasing the amount of dissolved Cr
which effectively prevents corrosion.

20% NaCl, 3.0 MPaCO,, 80°C, 168 h
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Fig.1 Relationship between corrosion rate and CO,
corrosion index
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Fig.2 Effects of Ni and Mo on SSC resistance of
0.025C-13Cr steels

2.2.3 SSC resistance

Since SSC in martensitic stainless steels begins
from pitting, improving the resistance to pitting
improves the SSC resistance. The alloying element
molybdenum is known to improve resistance to pit-
ting. Figure 2 shows the effects of Ni and Mo on the
SSC resistance®. As can be seen, an increase in the Ni
content from 4% to 5% makes no difference to the test
results, while increasing the Mo content from 1% to 2%
moves the boundary of SSC occurrence toward low pH
and high H,S partial pressure, or to severer environ-
ments. This phenomenon suggests that adding 1% Mo
is sufficient to ensure SSC resistance under the environ-
ment of 5% NaCl, 0.001 MPa H,S, pH4.0, which is the
development target. Since, however, the resistance to pit-

3. Characteristics of Developed Steel Pipe

This capter describes the characteristics of the devel-
oped steel, focusing on the results of tests on a seamless
steel pipe of 273 mm in outer diameter and 12.7 mm in
wall thickness. A seamless steel pipe was manufactured
with the steel having the chemical composition shown in
Table 2, which was then treated by quenching and tem-
pering to obtain an X80 grade product. With this prod-
uct, and using 25Cr duplex stainless steel as welding
material, a girth welded joint was prepared by applying
GTAW to the first pass, and GMAW to the second pass.
The chemical compositions of the respective welding
materials are given in Table 2, and the welding condi-
tions are given in Table 3. No preheating or PWHT was
given.

3.1 Mechanical Properties

Table 4 shows the results of tensile tests. The
strength of X80 grade was assured, and the welded joint
fractured in the base metal, thus showing favorable
characteristics. Figure 3 shows the hardness distribu-
tion of a cross section of the welded joint. As shown, the

Table 4 Result of tensile tests for the welded joint and

base metal
Material YS TS El Fracture
(MPa) (MPa) (%) position
Welded joint - 856 30 Base metal
Base metal 634 827 34 _

YS: Yield strength, TS: Tensile strength, El: Elongation

. 400 —
ting at the HAZ may become lower than that of the base 0, ® 1 mm from outer surface
:a16) 70 . A A 172t
material®, 2% Mo ‘was added Ato. the developed material o 1 mm from inter surface
to secure stable resistance to pitting. . 330 HAZ Closed: HAZ
o
. " % 300 ¢ —
Table 2 Chemical compositions of base metal and 5 F Bdse metal
; ; ; B = FWeld met:
welding wires for girth welding S L
(mass%) 250 LA
Material C Cr Ni Mo N
Basemetal | <0.015  12.0 5.1 2.0 0.01 00 b oo b
GTAW wire 0.01 253 9.5 4.0 0.27 0 5 10 15 20
GMAW wire 0.02 25.1 9.6 4.0 0.27 Distance from bead center (mm)
Fig.3 Hardness distribution in the welding joint
Table 3 Girth welding conditions
. . . Interpass ;
Welding Welding Welding L1 Current Voltage Speed Heat input
Pass method material position Shielding gas tem(plecre)lture (A) V) (mm/min) (kJ/mm)
1 GTAW 2.0 mmg 5G 100% Ar <25 148 13.5 44 2.7
2 GMAW 1.2 mmg 5G 100% Ar 25 145 15.0 75 1.7

5G: Horizontal fixed position
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Fig.4 Relationship between Charpy absorbed energy
and temperature

maximum hardness at the HAZ is about HV330, which
satisfies the target value of HV350 or smaller. Figure 4
shows the result of Charpy tests for the welded joint.
The attained absorbed energy is about 200J even at
—80°C as well as at —40°C, which proves the excellent
low temperature toughness of the developed steel.

3.2 CO, Corrosion Resistance

The CO, corrosion resistance was evaluated by mea-
suring weight loss in an immersion test under an envi-
ronment of high temperature and high CO, partial pres-
sure. Figure 5 shows the test results plotted against the
test temperature and CO, partial pressure. The numeral
given to every plot is the corrosion rate. Assuming
that a corrosion rate of 0.127 mm/y (5 mpy) is gener-
ally acceptable as a standard, the developed material is
judged to be suitable under an environment of 160°C
and 2.0 MPa CO,.

3.3 SSC Resistance

The SSC resistance at the welded joint was evalu-
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Fig.5 CO, corrosion test results of the base metal
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Fig.6 SSC test results of the welded joint

ated by a constant load tensile SSC test. The solution
was an aqueous mixture of 5% or 10% NaCl with 0.5%
CH;COOH, and the pH was adjusted in the range from
3.5 to 5.0 using CH;COONa. The test gas was a mixture
of H,S at partial pressures from 0.001 to 0.007 MPa with
the balance of CO, to make the total pressure 0.1 MPa.
The applied stress was 567 MPa, which is equivalent to
90% of the YS of the base material. Figure 6 shows the
test results plotted against the pH and H,S partial pres-
sure. As can be seen, although SSC occurred at the HAZ
at pH3.5, no SSC occurred under the target environment
of pH4.0 and H,S partial pressure of 0.001 MPa.

4. Intergranular Stress Corrosion Cracking
at Girth Weld

According to a recent paper”), a laboratory study
found that intergranular stress corrosion cracking
(IGSCC) occurred at the girth weld of a sample having
the similar compositions to the developed steel, under a
high temperature CO, environment. In addition, another
paper reported that gas leakage occurred due to IGSCC
in an actual pipeline using a material, free from Mo,
having the similar compositions to the developed steel®.

Some results of our investigations on the mechanism
of this phenomenon and on preventive measures” are
described below.

4.1 Mechanism of IGSCC Generation

To identify the effect of welding conditions on the
sensitization behavior, SCC tests were conducted using
samples which were subjected to two passes of simu-
lated welding thermal cycles. For conducting the tests
under severer conditions, the corrosive environment was
brought to pH2.0, and the U-bend test method, which
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Fig.7 Results of U-bend SCC tests for simulated HAZ

can apply larger strains, was used. Figure 7 gives plots
of SCC test results under the second pass condition. The
figure shows that some of samples with the second pass
thermal cycle suffered cracks. The samples which were
subjected only to the first pass did not suffer cracks.

These results suggest that the cause of IGSCC is as
follows. When carbon, which is dissolved under high
temperature heat cycles, precipitates during the sub-
sequent heat cycle as carbide at the grain boundary of
prior-austenite, a Cr-depleted zone forms in the vicinity
of the carbide at the grain boundary, thereby sensitizing
the material.

4.2 Method to Prevent IGSCC

Since IGSCC is presumably caused by the Cr-
depletion zone, potential methods to prevent IGSCC
include performing PWHT to diffuse Cr for recovering
from Cr depletion, and establishing very low C content
and to add Ti for suppressing the precipitation of Cr car-
bide.

To confirm the effect of PWHT, a material contain-
ing 100 ppm of C was sensitized by two passes of heat
cycles, followed by a third pass of heat cycles under var-
ious conditions. Thus prepared samples were evaluated
by the U-bend SCC test similar to that described above.
The results are shown in Fig. 8. As shown, the sensitized
samples did not suffer cracks after heating to a tem-
perature range from 550°C to 700°C for several minutes.
This effect was probably because the heat treatment sat-
isfactorily enhances Cr diffusion, thus diminishing the
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Cr-depleted zone. IGSCC will be prevented by applying
PWHT for a short time, within several minutes, which
does not significantly hinder the efficiency of practical
pipe-laying.

To confirm the effect of reduction in C content and
addition of Ti, materials with various C and Ti contents
were evaluated. With the samples treated by a heat cycle
of 450°C for 1000s, a condition that easily induces
sensitization, a U-bend SCC test similar to that applied
before was performed. As a severer test condition, sam-
ples which had a notch of stress concentration factor 4
at the U-bend section were separately tested. Figure 9

5% NaCl, pH2.0, 100°C
0.1 MPa CO,, 168 h

C content: 100 mass ppm
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Fig.8 Effects of thermal cycle conditions after sensitiza-
tion on SCC behavior
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Fig.9 Effects of C and Ti on SCC test results
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shows the SCC test results arranged by the C and Ti con-
tents. The figure shows that reduction in C content and
addition of Ti suppress the cracks. This is presumably
because the suppression of dissolved C during welding
and the conversion to Ti carbide suppress the precipita-
tion of Cr carbide which causes Cr depletion. Therefore,
reduction in C content and addition of Ti are effective
ways of improving the resistance of the material to
IGSCC.

5. Conclusion

This paper described the development and charac-
teristics of a seamless steel pipe made of martensitic
stainless steel for linepipes, having improved weldabil-
ity. The weldability of the steel pipe has been improved
by decreasing the C and N contents, and the excellent
mechanical properties and corrosion resistance have
been achieved by the optimization of other alloying ele-
ments.

The major characteristics of the steel are given below.
(1) The steel has excellent weldability free from weld

cracking even without preheating.

(2) The steel has X80 grade strength, and low tempera-
ture toughness of 200 J or larger Charpy absorbed
energy at —40°C.

(3) The steel has excellent CO, corrosion resistance,
giving 0.127 mm/y or smaller corrosion rate under an
environment of 160°C and 2.0 MPa CO,.

(4) The steel has excellent SSC resistance under an
environment of pH4.0 and H,S partial pressure of
0.001 MPa.

(5) Intergranular stress corrosion cracking is prevented
by a short period (several minutes) of PWHT. Reduc-
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tion in C content and addition of Ti are effective to

improve the IGSCC resistance of the material.

Since the material has excellent weldability, mechan-
ical properties, and corrosion resistance, its application
to pipelines transporting production fluid containing
corrosive gases such as CO, is expected to be expanded
as an economical material with a low life cycle cost.

References

1) van Bodegom, L.; van Gelder, K.; Spaninces, J. A. M. Control
of CO, corrosion in wet gas lines by injection of glycol. COR-
ROSION/88. paper no. 187, 1988.

2) Ogawa, T.; Koseki, T. Welding technology trend of duplex
stainless steels in oil and gas industry application. J. Jpn.
Welding Soc. vol. 57, no. 2, 1988, p. 92—99.

3) Watanabe, M.; Mukai, Y. Sutenresukou-no Yousetsu.
Tokyo, The Nikkan Kogyo Shimbun, 1971, 180 p. (ISBN
4-526-00516-9)

4) Miyata, Y.; Kimura, M.; Murase, F. Development of mar-
tensitic stainless steel seamless pipe for linepipe application.
Kawasaki Steel Technical Report. no. 38, 1998-04, p. 53—60.

5) Kimura, M.; Miyata, Y.; Kitahaba, Y. Development of new

OCTG HP-13Cr with superior CO, corrosion resistance and

SSC resistance. Kawasaki Steel Technical Report. no. 38,

1998-04, p. 47-52.

Miyata, Y.; Kimura, M.; Toyooka, T.; Nakano, Y.; Murase, F.

Corrosion performance of weldable 12Cr stainless steel seam-

less linepipe. EUROCORR/98.

7) Rogne, T.; Lange, H. I.; Svenning, M.; Aldstedt, S.; Sol-

berg, J. K.; Ladanova, E.; Olsen, S.; Howard, R.; Leturno, R.

Intergranular corrosion/cracking of weldable 13%Cr steelat

elevated temperature. CORROSION/2002. paper no. 02428,

2002.

van Gestel, W. Girth weld failure in 13Cr sweet wet gas flow

lines. CORROSION/2004. paper no.04141, 2004.

9) Miyata, Y.; Kimura, M.; Nakamichi, H. Sato, K.; Itakura, N.;
Masamura, K. Effects of thermal cycle conditions on inter-
granular stress corrosion cracking in sweet environment for
supermartensitic stainless steel. CORROSION/2005. paper
no. 05095, 2005.

6

=

8

~

19



