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LINEPIPE AND STRUCTURAL STEEL
PRODUCED BY HIGH SPEED CONTINUOUS CASTING

BACRKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to a high-strength
linepipe and structural steel that is resistant to

hydrogen-induced cracking (HIC) in sour service.

2. Description of Related Art

A continuling need exists to develop steels having

high strength which can provide extended service life as
linepipe in sour gas (H,S) service. High strength
linepipe for this sour service has heretofore been
produced from low carbon-manganese steel, and
strengthened by the addition of niobium and/or vanadium.
Manganese levels for such steels have typically been in
the range of 0.90 to 1.20 weight percent, when it is
expected that the linepipe will be used in the most
severe serxvice conditions. For the purposes of this
disclosure, manganese levels in the aforesaid range of
0.90-1.20 welght percent will be referred to as being
"relatively high" manganese contents for low carbon-
manganese steels.

While providing resistance to cracking due to
exposure to sour gas, these steels are prone to manganese
sulfide stringer formation, due to the relatively high
level of manganese employed in the steel. This is the

case even where the steel has very low sulfur levels

(<0.003 wt. percent), because the Mn:S ratio is very high
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(>40,000:1). In order to combat this tendency to form
manganese sulfide stringers, the inclusion of calcium,
which causes preferential formation of globular or
angular calcium oxysulfide inclusions, has become the
standard practice. Rare earth metals have also shown the
ability to reduce the tendency of the steel to form
manganese sulfide stringers. However, both calcium and
rare earth additions are expensive and can give rise to
processing difficulties such as generation of excessive
fumes, nozzle blocking or poor cleanliness ratings.

In casting linepipe steel, from a processing
standpoint, steels having manganese contents above 1.0
weight percent are also prone to centerline segregation
when casting speeds are high. Further, centerline
segregation can occur when proper superheats are not
maintained and/or when machine maintenance and water
cooling practlices are poor.

It is therefore a principal object of the present
invention to provide a high strength steel which 1is
suitable for extended use in wet, sour gas service.

It is a further principal object of the present
invention to provide a high strength steel having a very
low manganese content, yet which 1s resistant to souxr gas
(H,S) degradation.

It is an additional important object of the present
invention to provide a high strength steel composition,

suitable for sour gas service, which can be continuously

SUBSTITUTE SHEET ( rule 26)
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cast at the high, normally desired, speeds employed in
casting non-linepipe steel compositions.

It 1s a further important object of the present
invention to provide a high strength steel composition
that avoids the need to treat the alloy with calcium or
rare earth metals in order to reduce the formation of
manganese sulfide stringers.

It 1s an additional object of the present invention
to provide a high strength, high toughness steel that is
remarkably resistant to stepwise cracking and to sulfide
stress cracking.

It is a further object of the present invention to
provide a high-strength steel that has a very low carbon

and manganese content as compared to high strength steels

currently used in sour gas service.

SUMMARY OF THE INVENTION

The above and other important objects of the present
invention are accomplished by providing a steel
composition that produces a high strength, high toughness
steel that 1s resistant to attack in even the most severe
Sour gas or wet sour gas service. Notably, it has been
found that a steel that does not rely on a high manganese
content to provide the high strength levels, but rather
relies on niobium and, optionally, vanadium and/or other
alloying elements to provide the necessary mechanisms to
achieve high strength in the steel, will avoid may of the

atorenoted problems in sour-gas service experienced with

-3 -
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the previously used high strength steels having higher manganese contents.

According to one aspect of the present inventton, there 1s provided a high strength

steel comprising elements of the below Table 1 in the ranges indicated with a balance of iron

and impurities:

S TABLE I
Element Range (wt. %)
C 0.015-0.080
Mn 0.10-0.55
NbD 0.005-0.15
Tl 0.005-0.030
N 0.00]-0.01
. - and optionally
Cr <0.50
NI <0.95
Mo <0.60
B <0.0025
S <0.008
Ca <0.005
Si <0.210
P <0.025
Cu <0.25
3 Al <0.063
N <0.007

The steel so formed has a microstructure substantially free of coarse grained ferrite, a yield

strength in the range 36 to 80 ksi and being resistant to H,S degradation.

In a specific form of the invention, the high strength steel comprises the elements of

20  Table I but with the elements of below Table Ia in the ranges indicated.
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TABLE Ia
Element Range (wt. %)
C 0.015-0.050
Mn 0.10-0.55
Nt 0.03-0.09
1 0.015-0.025
N 0.001-0.005
Mo <0.10
B <0.0025
S <0.003
Cu <0.0025
P <0.008

According to another aspect of the present invention there is provided a linepipe
formed from a high strength steel of elements of Table I above, with balance of iron and
Impurities.

In a preferred form of another aspect of the invention there is provided a linepipe of

the elements of Table I above, with a balance of iron and impurities but with the ranges of

Table Ia.

More specifically, in the linepipe of the present invention, the steel has a yield

strength of 36 to 80 ksi and the linepipe meets the criteria of API specification SLX.

The present invention also resides in the method of forming high strength steel for use
in linepipe, or other uses having the composition of above elements in the ranges of above
Table I, or preferably, but not necessarily, in the ranges indicated in Table Ia above, and at a
casting rate between 0.8 and 3.0 m/min, whereby the steel exhibits low manganese

segregation intensity and resistance to stepwise cracking in an H,S environment.

4 a
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Steel compositions falling within the ranges set forth above have been demonstrated
to provide high strength and toughness characteristics, and have demonstrated an ability to
withstand stepwise cracking and sulfide stress cracking, such that they will be highly suitable
for use in severe sour gas service, and particularly as linepipe used in sour gas service.

With such steel compositions, high yield strengths in the range of 36 - 80 ksi and high
ultimate tensile strengths in the range of 45 - 90 ksi can be achieved. In addition, steels
within the above ranges demonstrate excellent impact strengths (high energy impact valves)

and Charpy V-notch transition temperatures.

BRIEK DE 10N OF THE DRAWIN(

These and other features of the present invention and the attendant advantages will be

readily apparent to those having ordinary skill in the art and the invention

4 b
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will be more easily understood from the following
detailed description of the preferred embodiments taken
in conjunction with the accompanying drawings.

FIG. 1 1s a graph depicting the results of a NACE
IM0284-96 stepwise cracking test, plotting the weight

percent of manganese against the yield strengths of the

samples.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

In a preferred embodiment of the present invention, a
compositlion that yields a high-strength, high toughness
steel, without relying on the use of a relatively high
manganese content to provide the relatively high strength
characteristics, is provided. The manganese content in
the steels according to the present invention can be very
low, such as 0.15 weight percent or less, thereby
virtually eliminating manganese segregation and the
tendency of the steel to form manganese sulfide.

Further, the low manganese-to-sulfur ratio present in the
steels, which is preferably approximately 3,000:1 to
5,000:1, minimizes the tendency of any MnS that may be
formed, to form into stringers.

The steel of the present invention relies on the
addition of niobium to provide the high strength
characteristics, and, optionally, any one or more of
vanadium, molybdenum, chromium, boron, copper and nickel,
used in combination with the niobium. These elements

combine to lower the austenite-to-ferrite (y-a)
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transformation temperature and to prevent the formation
of coarse ferrite grains at the very low manganese and
carbon levels employed in the steel. The benefits
derived from these strengthening mechanisms are enhanced
or maxlmlized by water cooling the steel after the strip
or plate rolling.

The steel can be more consistently produced due to
the reliance on niobium, and optionally also vanadium,
precipitation hardening, and on control of the austenite
to ferrite transformation temperature. The normally-
experienced varliations 1n mechanical properties in coiled
product resulting from coiling temperature variations and
head-to-tail (leading end to trailing end) temperature
variations are minimilized or eliminated by the
strengthening elements (principally niocbium) and
mechanisms used in producing this steel.

The steel of the present invention can be treated
with calcium or rare earth metals for sulfide inclusion
shape control, as 1n conventional practice. However, the
use of titanium reduces manganese sulfide plasticity,
especially at low manganese and nitrogen contents, and
when the manganese-to-sulfur ratio is very low, which are
both features of the steel of the present invention.

The very-low carbon and manganese contents in the
steel maximize delta (0) ferrite formation during
solidification and facilitate solute redistribution.
Tolerance for phosphorous impurity is increased and there

is a virtual absence of pearlite banding. The steels can

-6 -
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be rolled on plate mills or strip mills using either

direct hot charging or conventional reheating practices.

Steels having the above characteristics can be

obtained within the following preferred compositional

ranges:

TABLE II

Range (wt. %

0.015-0.080
0.10-1.0
0.005-0.15
0.005-0.030
<s0.50

<0.95

<0.60
<0.0025
<0.008
0.001-0.010
<0.005%0
<0.025

Within this overall range, an especially preferred

compositional range is as follows:

TABLE IIXI

Element

C
Mn
Nb (Cb)
T1
Cr
N1
MO
B
S
N
Ca
P

Range (wt. %

0.015-0.050
0.10-0.556
0.03-0.08
0.015-0.025
<0.10
<0.009
<0.003
0.001-0.005
<0.0025
<0.008

Steels having compositions within the ranges set

forth above can be cast at high casting speeds, in the

range of 0.8 to 3.0 m/min,

that are desired for

production efficiency, by conventional (200 to 300 mm

SUBSTITUTE SHEET ( rule 26)
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thick) or thin (50-90 mm thick) slab castexr. The steels
cast at such high speeds exhibit low segregation
intensity, and, as noted previously, high strength, high
toughness, and resistance to degradation or failure in
sour service applications.

In addition to the aforenoted advantages 1in
processing, the steels of the present invention have the
notable advantage of providing excellent resistance to
stepwise cracking and sulfide stress cracking even when
calcium and/or copper are not employed in the steel.
Further, the high strength properties can be obtained 1in
the absence of molybdenum. When molybdenum 1s present
within the stated range, the high strxrength and excellent
resistance to stepwlise cracking and sulfide stress
corrosion cracking can be obtained in the absence otf
calcium.

In order to demonstrate the suitability of the steels
of the present invention for use as linepipe 1in sour
service, as well as to demonstrate the high strength and
high toughness characteristics of the steels, several
steels falling within the compositional ranges set forth
in Table I above were subjected to tensile tests, impact
tests, stepwise cracking (hydrogen-induced cracking or
HIC) tests, and sulfide stress cracking tests. In
particular, samples from four heats, denoted in Table IV
below as A-D, were subjected to tensile testing, Charpy

V-notch impact tests, drop weight tear tests and stepwise

cracking tests. Samples from other heats, designated 1n

-8 -
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Table IV below as E-G, were tested for resistance to
sulfide stress cracking in accordance with the National
Association of Corrosion Engineers (NACE) Standard
TMO0177. Samples from all of these heats, plus dozens of
others having compositions falling within the
compositional ranges of Tables II and III, were tested
for resistance to hydrogen-induced cracking, or stepwise
cracking, 1n accordance with NACE Standard TM0284-96 .

The results of those tests are discussed below, and with

respect to FIG. 1.

SUBSTITUTE SHEET ( rule 26)
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Table V presents the results of the Charpy V-notch

1mpact tests conducted on triplicate samples prepared

from steel
2/3 of the
table, the
zero (°F.)

remarkable

heats A-D, with the Charpy test samples being

standard specimen gize. As can be seen in the
fracture energies are very high, even at sub-

temperatures, with Steel Heat B demonstrating

impact reslistance down to -80°F.

TABLE V

CHARPY V-notch Energ m

Shear Area Average (%)

Table VI below presents data from drop weight tear

testing, as well as the 50% and 85% values for

brittle/ductile fracture transition temperatures as

demonstrated in the Charpy V-notch impact tests and in

the drop weight tear tests (DWTT). Again, the steels

demonstrate excellent notch toughness characteristics

with the pipe made from Heat B demonstrating truly

outstanding results.

v

TABLE VI

DROP WEIGHT TEAR TEST

-11-
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The yield strengths and ultimate tensile strengths otf
tensile specimens from heats A-D, as well as from heats
E-G, are reported in Table VII below. In general, for
the linepipe applications to which this steel 1is
directed, the desired range for yield strength 1s about
36-80 ksi, and the desired range of ultimate tensile
strengths is 45-90 ksi. These would be considered as
high-strength steels, as the term "high strength" 1s used
herein. Since the higher strength steels can be more
susceptible to hydrogen-induced cracking, a more
preferred range of yield strengths is about 36-70 ksi,

and a more preferred range of ultimate tensile strengths

is 45-75 ksi. As can be seen, most of steels A-G fall

within the preferred range.

TABLE VII
STEEL Yield Strength Ultimate Tengile Strength
(ksi) (kai)
A 66 73.0
B 66 71.5
C 68 72 .5
D 79 85 .5
E 65.5 71.0
E b .5 72 .5
G 64 .5 71.5

Resistance to sulfide stress cracking is normally
assessed, in accordance with the level of skill 1in the
art, by the test methods set forth in NACE Standard
TMO177. In the development of the present invention,
tests were conducted on heats E-G in accordance with this

NACE standard, modified to include a test period of 96

hours at 80% percent of the specified minimum yield

-12 -
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strength (SMYS). No cracking was evidenced in these
tests, 1ndicating an acceptable level of resistance to
sulflde stress cracking. It is notable that these heats

tested for resistance to sulfide stress cracking had
manganese contents toward the upper end of the range of
manganese content desired for the present invention. It
1s expected that steels having lower manganese contents,
in the more preferred range set forth in Table TII above,
will exhibit the same or even an improved level of
resistance to sulfide stress cracking.

Samples from the above heats, as well as numerous
other samples both within and outside of the
compositional ranges set forth in Table I above were
tested for resistance to hydrogen-induced cracking, or
stepwlse cracking, 1n accordance with NACE Standard
IM0284-96, "Standard Test Method--Evaluation of Pipeline
and Pressure Vessel Steels for Resistance to Hydrogen-
Induced Cracking". Figure 1 presents, in graphical form,
a summary of the results of those tests, plotting the
manganese content of the steels against their vield
strength (in ksi). It can be seen from that graph that
steels having higher manganese contents and steels having
Yield strengths approaching and exceeding 70 ksi are
susceptible to stepwise cracking. This figure
substantiates that the increased strength resulting from
the use of higher levels of manganese comes at a price,

namely, the increased susceptibility to stepwise

cracking.

-1 3~
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Nearly all of the steel compositions tested under the
NACE TM0284-96 standard had a sulfur content of <0.006
wt.¥. Accordingly, it was possible to delineate a
crack/no crack boundary 100 based on the test results,
and specifically based upon the three failed samples
‘having lower manganese contents and higher yield

strengths and thosa having higher manganese contents with

lower yield strengchs.

The examples of the invention are those having a

manganese content in the range of about 0.10-0.60 wt.¥%
and having a yield strength in the range of about 379-483 MPa (55-70

ksi). Steels meeting those criteria fall within the

shaded region of FIG. 1. Because steels having both 0.60
wt.$ manganese and a yield strength of 483 MPa (70 ksi) would fall

close to the crack/no. crack boundary 100, a more

conservative set of criteria would include a decreasing
maximm yield strength fram 483 MPa (70 ksi) to 469 MPa (68 ksi) maximm as
the manganese cohtent increases from 0.50 wt.%¥ to 0.60
wt.¥.

It is to bein’c.ated that the results presented in FIG.
1 are based on tests conducted using the Solution A (pH

§.2) standard téat solution defined in NACE TM 0284-56.

Additional tests were conducted in accordance with the
standard, but using the lower pH, more severely

corrosive, Solution B defined in the standard. Samples

- 14 -
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rom heats A-D, as well as four other samples rfalling

within the steel composition of the present invention,
were tested using Solution B in the NACE test, and al:
samples passed the test, demonstrating a complete absence

of stepwise cracking, even under these more severely

corrosive conditions.

The American Petroleum Institute (API) has
promulgated specifications for tubular products, such as
‘ine pripe, that are to be used for o1l and gas
~ransmission, and that are to be used in other oil and
gas service. In particular, API Specification 5LX 1s
directed to high-strength welded or seamless steel lins
nipe for oil or gas transmission, a use for which the

dns by

steel of the present invention is especially well suitsd.

Included in API 5LX are several material

grades, such as X46, X52, X56, X660, X65 and X70. The
numbers following the "X" in these designations are the
minimum yield strengths (in ksi) for materials o the
respective grades. Each material grade further has

certain compositional requirements and tensile strength
requirements.

The API S5LX material grades are specified when alloy
steel pipe 1is to be used in gas or sour gas service.
Steels of the present invention having compositions
falling within the ranges set forth in Table I meet all

compositional limitations set forth in API 5LX, and, as

can be seen by the yield strength results set forth in

15 -
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Table VII, steels can be produced to meet the
requirements of all grades up through the X70 grade.
Accordingly, the steels made in accordance with the
present invention can be used as line pipe virtually
across the entire spectrum of the API 5LX linepipe
specification. Further, with the demonstrated increased
resistance to hydrogen-induced cracking over steels
currently supplied under the 5LX specification, the
steels of the present invention will be especially well
suited for use as S5LX linepipe (e.g. X52) in instances
where, in addition to the material grade specification,
requirements for resistance to hydrogen-induced crackilng
are specified or imposed.

It can thus be seen that the low carbon/low
manganese steels of the present invention possess the
desirable properties for use in linepipe applications,
especially in sour gas service. Because of its high
strength and toughness, the steel is also well suited to
being used as structural steel. However, the particular
embodiments and compositions discussed above are for
illustrative purposes, and the invention is not intended
to be limited to specific examples. Modifications may
become readily apparent to those of ordinary skill in the
art upon reviewing the foregoing specification, without
departing from the spirit and scope of the invention.
Accordingly, reference should be made to the appended

claims to determine the scope of the invention.

-16 -
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Claims
1. A high strength steel comprising:
Element Range (wt. %)
C 0.015-0.080
Mn 0.10-0.55
Nb 0.005-0.15
Ti 0.005-0.030
N 0.001-0.01
and optionally
Cr <0.50
NI <0.95
Mo <0.60
B <0.0025
S <0.008
Ca <0.005
S1 <0.210
P <0.025
Cu | <0.25
Al <0.063
Vv <0.007

balance iron and impurities, the steel having a microstructure substantially free of
coarse grained ferrite, a yield strength in the range 36 to 80 ksi and being resistant to

H,S degradation.

2. A high strength steel according to claim 1 and comprising:

Element Range (wt. %)
C 0.015-0.050
Mn 0.10-0.55
Nb 0.03-0.09
Th 0.015-0.025
N - 0.001-0.005
Mo <0.10

B <0.0025

S <0.003

Ca <0.0025

P <0.008

balance iron and impurities, the steel having a microstructure substantially free of
coarse grained ferrite, a yield strength in the range 36 to 80 ksi and being resistant to
H,S degradation.

17
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3. A method for forming a steel, the method comprising continuously casting a steel
having a composition according to claim 1 or 2 at a casting rate between 0.8
and 3.0 m/min, whereby the steel exhibits low manganese segregation intensity and

resistance to stepwise cracking in an H,S environment.

4 A linepipe formed from a high strength steel comprising':.

Element Range (wi. %
C 0.015-0.080
Mn 0.10-1.0
Nb 0.005-0.15
Ti 0.005-0.030
N. -0.001-0.01
and optionally
Cr <0.50
N1 <0.95
Mo <0.60
B ~'<0.0025
S <0.008
- Ca , - <0.005
N <0.210
P <0.025
- Cu | <0.25
Al .- & <0.063
V - <0.007

balance iron and impurities.

5. Alinepipe according to claim 4, in which the steel comprises:

v

*

Elemen ~ Range (wi. %)
C. 0.015-0.050
Mn 0.10-0.55

Ti ‘ 0.015-0.025
Mo - <0.10

B ., <0.0009

S ' | <0.003

N 0.001-0.005
Ca <0.0025

P | <0.008

balance iron and impurities.
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A linepipe according to claim 4 or claim 5, in which the steel has a yield strength of
36 to 80 ksi and the linepipe meets the criteria of API specification SLX.

A method for forming a steel for use in a linepipe, the method comprising
continuously casting a steel having a composition as defined in claim 4, claim 5, or
claim 6 at a casting rate between 0.8 and 3.0 m/min, whereby the steel exhibits low
manganese segregation intensity and resistance to stepwise cracking in an H,S

environment.
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