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Large diameter high temperature line pipes of X65, X70, and X80 grades for the arctic
gas transmission use have been developed by using controlled-rolled steel plates and by
adopting a quench and temper treatment after forming the pipe.

A combination of high strength and toughness without an increase in alloying elemem‘s can
be provided by strictly controlled rolling of low C, low S, high Mn, and Nb- and V-bearing
steel. Rolling in the dual phase(y + &) temperature range between Ar, and “Ar,— 40°C”
can produce fine bainite and fine deformed ferrite grains in the ferrite-pearfite matrix,
which is very effective in improving both strength and toughness of the plate and the pipe.

By adopting the controlled rolling and the subsequent quench and temper treatment for
low C and Mo- and Nb-bearing steel, BDWTT 83 %, shear FATT is significantly improved.
This is due to the very fine microstructure of the plate which consists of fine ferrite and
martensite island. The rolled steel plate of this type is proved to be useful for gquenched
and tempered pipes.

The CVT, CVI00 and BDWTT energy values of the pipes tested are much greater than
those necessary for arresting unstable ductile fracture which have been shown in Battelle’s
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Jull scale burst experiments.

1 Introduction

Line pipes to be used in the arctic region not only
require high strength and excellent toughness for pre-
venting brittle fracture at both base metal and weld
portions, but also must have great resistance to un-
stable ductile fracture peculiar to high pressure gas
pipes. In addition, from the viewpoint of weldability
in girth welding, it is required to reduce carbon equiva-
lent to the minimum. Owing to the recent increase in
gas pipeline transportation, the trends of line pipes are
directed toward higher strength, thicker walls and
larger diameters. However, it has been clarified by the
results of the recent full scale burst tests! =¥ that pipes
require higher impact absorbed energy value for ar-
resting ductile fracture.

To meet such stringent requirements, Kawasaki
Steel Corporation has been developing the following

three manufacturing techniques: (1) Controlled rolling

* Originally published in Kawasaki Steel Giho, 13 (1981) 1,
pp. 106-118
** Research Laboratories
*** Chiba Works
**%* Mizushima Works

method before pipe forming (CR)*~%, (2) A quench and
temper treatment of the plate before pipe forming
(QT), and @) A quench and temper treatment of the
pipe after its forming (pipe-QT). In the CR method, a
low C and high Mn-Nb-V steel has been used as main
material to develop a type of steel in which fine-
grained bainite and fine-grained deformed ferrite have
been introduced into its ordinary ferrite-pearlite
matrix by effectively utilizing rolling at the dunal phase
(y + «) region, thereby achieving enhanced weld-
ability and higher toughness due to decreases in alloy-
ing elements, To obtain pipe-QT steel, development
has been under way for manufacturing low-cost steel
for low temperature use that will replace conventional
Ni steel, by applying Nb-Mo steel to the CR + QT
process? %2,

This report describes the results of laboratory ex-
periments which have become the basis of the above
developments, together with various mechanical prop-
erties of UOE pipes of the X65, X70, and X80 grades
actually manufactured. The report also discusses that
those pipes sufficiently satisfy the toughness values
required for arresting unstable ductile fracture so far
proposed.
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2 Controlled rolling

The temperature region for controlled rolling may
be divided as shown in Fig. 1 into three stages;
Higher-temperature austenite recrystallization region,
(2) Austenite non-recrystallization region, and (3} Dual
phase austenite-ferrite region. The figure indicates the
schematic diagram of austenite structures in the pro-
cess of rolling, when cumulative reduction up to those
respective stages have been applied and final ferrite
structures which have been obtained by cooling the
austenite structures to room temperature, Compared
with the ferrite in the conventional hot forming rolling
in which the steel is finished at the higher-temperature
recrystallization region exceeding about 900°C, the
ferrite in the controlled rolling method becomes finer
in grains as it comes down in rolling temperatures to
the austenite non-recrystallization region and further
down to the dual phase region. It is particularly note-
worthy that fine-grained deformed ferrite is obtained

by rolling at the dual phase region directly below the
transformation temperature Ar,.

According to the laboratory rolling experiments on
Nb-bearing steel (M-1) in Table 1, an increase in the
amount of reduction in the austenite non-recrystalliza-
tion region makes, as is well known, the ferrite grains
finer and improves the CVN 50°% shear FATT as
shown in Fig, 2. With rolling only in this region, how-
ever, there is a limit in making the grains finer, and
as can be seen from Fig. 3, an increase in the amount
of reduction in the preceding higher-temperature
austenite recrystallization tegion is effective in im-
proving the CVN 509 shear FATT. Figs. 4 and 5
show mechanical properties and changes in separation
for M-1 and M-2, respectively, when reductions of
62.5% and 50%, are cumulatively applied at over
1 020°C and at 880 to B850°C, respectively, and 2
passes of a 30% reduction are applied for finishing
at a temperature varying from 850 to 580°C. The
transformation temperatures for M-1 and M-2 steels

Table 1 Chemical composition of the steels used
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Fig. 2

are 755°C and 770°C, respectively. When the finishing
temperature is lowered below the Ar, point, that js,
when M-I and M-2 steels are rolled at, say, 710°C
and 730°C, respectively, the Y.S. and T.S. values rise
sensitively, but the CVN 509, shear FATT remains
practically the same. Only when the rolling tempera-
ture for M-1 steel drops to 670°C and that for M-2
steel drops to 710°C, will the CVN 509, shear FATT
begin to rise. Fig. 6 shows the relation between the
amount of reduction in the temperature region of 730
to 710°C, properties and grain sizes of M-1 steel. An
increase in the amount of reduction in this temperature
region raises Y.S. and T.S., but is rarely accompanied
with deterioration in the CVN 50% shear FATT.
This may be attributable to the fact that (D) Rolling
in the very narrow dual phase region, i.e., in the width
from Ar, to “Ar,—40°C” in the hatched portion of
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Fig. 3 Effect of the amount of reduction in austenite
recrystallization region between 1 070°C and
1 020°C on the microstructure and properties in
transverse direction of 16 mm thick plates for
M-1 steel

Fig. 5, causes reduction strain to accumulate effec-
tively in the austenite non-recrystallization grains,
resulting in generation of fine-grained ferrite as shown
in Photo. 1, and (2) “Fine-grained deformed ferrite”
which have been generated by deforming small grains
that have already been transformed into ferrite but
have not yet grown very much, increases tensile
strength without adversely affecting toughness. When
the finish-rolling temperatures for the respective steels
are lowered further than “Ar,— about 40°C,” tensile
strength increases while toughness deteriorates. The
reason for this is that ferrite grains which have grown
larger are rolled into larger deformed ferrite grains,
Rolling in the temperature region of “Ar,— about
40°C” introduces fine-grained deformed ferrite and
forms fine-grained ferrite, thereby making it possible
to implement higher strength and higher toughness
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simultaneously with smaller alloying elements. This
controlled rolling positively utilizing rolling in the nar-
row temperature region has been named “KTR
(Kawasaki Thermomechanical Rolling)” by the au-
thors. In performing rolling in this narrow dual-phase
temperature region, it is important to achieve correct
measurement of the plate temperature and correct
detection of transformation temperature Ar,. From
the cooling curves in the laboratory rolling experi-
ments, the Ar, points have been measured, and corre-
lation between the Ar, point and the alloying elements
such as C, Mn, Ni, Cr, Mo, and Cu, as expressed by
the following equation has been obtained:

Ar,(°C) = 910 — 273C% — 74Mn%;
— 56Ni% — 16Cr% — Mo Y,

The Ar, point can also be obtained from the analysis
using the surface temperature during rolling in the
factory® and is used for actual rolling operation.
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(b)

Photo. 1 1llustrative micrographs of M-1 steel plate
finish rolled at 710°C, showing (a) general
microstructure and (b) fine deformed ferrite
(D.F.}) and fine grained pearlite-bainite

Fig. 7 shows the relation between the T.S. and the
CVN 50% shear FATT when controlled-rolled by
varying Ni and Mn contents in a Nb-bearing steel.
Increases in Ni and Mn contents raise T.S. and, at
the same time, lower the 509 shear FATT. One of
the reasons for this is the lowering of the transforma-
tion temperature Ar, according to eq. (1) as a result of
increases in these elements, because this lowering
causes the austenite non-recrystallization region to ex-
pand to the lower side and suppresses grain growth
after transformation, thereby making ferrite grains
finer. Along with the increases in Ni and Mn contents,
coarse-grained bainite becomes liable to form, but
when rolling reduction in the austenite non-recrystalli-
zation region is sufficient, fine-grained bainite can be
introduced into the ferrite-peartite matrix. This fine-
grained bainite contributes to both increased tensile
strength and improved toughness.

Charpy impact absorbed energy is significantly af-
fected by C and S contents. Figs. 8 and 9 show the
effects of C and 8 contents, respectively, on the Charpy
V-notch absorbed energy in the transverse direction to
rolling for steel plates of grades X60 to 70 controlled-
rolled in the factory. A decrease in C content reduces
the amounts of pearlite and bainite, resukting in en-
hancing absorbed energy. A decrease in S content
reduces the amount of elongated MnS, thereby
greatly enhancing absorbed energy of the base materi-
al. In addition, as shown in Fig. 10, the decrease in 8§
content contributes to the enhancement of HAZ
toughness and anti-hydrogen induced cracking prop-
erties.
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Fig. 7 Relation between Charpy V-notch transition temperature (507, FATT) and tensile strength of controlled-
rolied steels with varied manganese or nickel content
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3 Development of Steel for QT Pipe Use

In the manufacturing method in which the pipe,
after its forming, is subjected to induetion heating and
the quench and temper treatment, higher tensile
strength can be obtained at a lower carbon equivalent
than in the pipe which has been subjected to only con-
trolled rolling, and furthermore higher impact absor-
bed energy can be more easily obtained. Another
major feature is that the toughness of the HAZ and
Bond in the pipe weld portion is raised to the same
degree as the toughness of the base material. Since
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notch absorbed energy at --25°C in the body
and heat affected zone (HAZ) of approx. 20
mm thick UOE pipes

this manufacturing step is a process of increasing the
tensile strength of the pipe after its forming, the tensile
strength at the time of pipe forming can be made
lower, and thus the manufacture of high tensile pipes
above the X80 grade becomes easier, viewed from the
pipe making capacity. However, it is generally diffi-
cult to obtain the BDWTT 859, shear FATT at a tem-
perature below —25°C and the CVN 509 shear FATT
at a temperature below —100°C for the quenched-
and tempered-plates or pipes whose steels contain less
than 19 of Ni.

Fig. 11 shows the effect of the amount of rolling
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reduction in the austenite non-recrystallization region
on toughness after QT of Nb-bearing steel (M-1) and
Si-Mn steel (M-3), In the Nb-bearing steel, contrary to
the Si-Mn steel, the CVN 3509 shear FATT after QT
becomes below —100°C by a 50%; reduction in the
austenite non-recrystallization region. Namely, in the
Nb-bearing steel, the reduction hysteresis before QT
significantly influences toughness after QT. The reason
for this is that in proportion to the fineness of the as-
rolled ferrite grains, ferrite grain sizes after QT be-
come smaller and their occupancy ratio becomes
larger, The effect of the reduction hysteresis becomes
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Photo. 2 Electron replica micrographs showing fine
ferrite grains {F) and martensite island (M)

more conspicuous when rapid heating such as induc-
tion heating is applied. Namely, by using the process
of “CR + induction QT,” it is possible to obtain a
super-fine structure mainly consisting of ferrite.

Fig, 12 shows the effect of Mo contents on the CVN
50% shear FATT and tensile strength of Nb-steel
plates produced by the “CR + QT” process. An in-
crease in Mo content increases T.S. and lowers the

103



CVN 509 shear FATT simultancously. This is attri-
butable to the fact that martensite island is added to
fine ferrite grains and the so-called dual phase struc-
ture has been formed as shown in Photo, 2, Fig. 13
shows the relation between the quenching temperature
and the properties of 19 mm thick Nb-Mo steel plates
produced by the “CR + QT process. The quenching
temperature that gives satisfactory CVN 509, shear
FATT and BDWTT 859 shear FATT lies in the tem-
perature region between the point directly under the
transformation temperature Ac, and about 30°C.

4 Line pipes for Use in Arctic Region

On the basis of the fundamental facts mentioned
above, gas line pipes for arctic region use were manu-
factured by the UOE method. Tables 2 and 3 show
chemical compositions and mechanical properties,
respectively, of line pipes of the X65, X70 and X80
grades which measure 48" and 56" in outside diameter
and 0.6-1.4" in wall thickness, In Table 3, these pipes
are broadly classified into the following three:

(1} Pipes whose service temperature is —25°C and
which have high impact absorbed energy

(2) Pipes whose service temperature is —25°C and
which have very high impact absorbed energy

(3) Thick-walled pipes whose service temperature is
—60°C and which have high impact absorbed
energy

These three kinds of pipes have high impact ab-
sorbed energy which is enough to arrest unstable duc-
tile fracture. Pipes of (i) are abbreviated to “HE pipes
{(high energy pipes)” and pipes of (2} to “EHE pipes
{extra high energy pipes)”.

The EHE pipes have a Charpy impact absorbed
energy of more than 2307J at —25°C or 2 CVI00
energy of more than 136 J (100 ft - Ibf).

The steel plates for the HE pipes were manufactured
by controlled-rolling of low C-low S-high Mn-Nb
steel, to which addition contents of Ni and Mo were
increased as the wall thickness increased. The stee]
plates for the EHE pipes upto the grade X70 were
manufactured by controlled rolling of a Ca-treated
low C-low S-high Mn-Nb-V steel, and the EHE pipes
of grade X80 was manufactured by quenching-temper-
ing of pipe from a Nb-Mo steel.

Those CR pipe steels feature the low C-low S-high
Mn contents, and designs of their contents were based
on the results of Figs. 7-9. In controlled-rolling pro-
cess, all the steels were slab-soaked at about 1 150°C
and reduced at a ratio of about 60%, in the higher
temperature austenite recrystallization region, at a
ratio of about 70%, in the austenite non-recrystalli-
zation region, and at a ratio of about 25% in the
dual phase region. In all cases pipe steel plates were
rolled from thick slabs. The HE pipe steel plates were
finish-rolled at a temperature below “Ar, —40°C,”
whereas the EHE pipe steel plates were finish-rolled
in the temperature region of Ar, to “Ar; —40°C.”

The grade X80 pipe was made by applying the
pipe-QT treatment to the UQE pipe with an induction
heater, whose mother plate was controlled-rolled in
the austenite non-recrystallization region with about
70% reduction. Quenching was performed by water
jetting to both the inner and outer surfaces of the pipe,
As a result, the steel with a carbon equivalent of 0.38
gave the strength of the X80 grade and a BDWTT
859% shear FATT of —35°C; and as shown in Figs, 14
and 15, the weld portion did not develop hardened and

Table 2 Chemical composition of line pipe steels for the Arctic use

Steel | C Si | Ma o[ P 5 Ni | Mo | Cu | Cr | Nb | V Al | Ca | REM| C.*
C1 | 0.06 {027 ; 1.68 | 0.019 | 9.005| 0.20 0.20 0.04 | 0.03 | 0.036 | — 0.373
C2 | 005|029 | 1.74 | 0.016|0.004 0.18 | 0.05 0.040 0.376
€3 | 00602 | 170 |0.014|0.003 0.14 o008 | — [0.03 | — — | 0.371
Ca | 006 | 0.27 | 1.63 | 0.019]0.005] 1.10 - {005 | 0.04 | 0.032] — ~ |o.43
C5 | 0.05 | 0.26 | 1.70 | 0.018 | 0.002 | 0.21 0.24 § — | 0.04 [ 0.03 0.033 Add | - | 0.369
C6 | 0.06 | 0.20 | 1.69 {0.007 | 0.003 | 0.30 0.04 | 0.03 [0.030| - | Add)| 0.368
c7 |oo7rtoz2 | 162 |c.023}0.003| 0.2 0.24 0.04 | .07 | 0.030 | Add. /1 0.384
Q1 | 007 | 0.25 | 1.35 | 0.004 | 0.003 0.18 0.1 | 0.03 | C.04 | 0.034 0.
Q2 ! 0.05| 0.16 | 1.44 | 0.006 | 0.004 | 2.77 | 0.21 | — |o0.22 | - 0.031| -7 10560
Q3 | 0.07 ] 0,25 | 1.06 | 0.013(0.011] 3.45 | 019 | -- 1 0.15 0.02 | 0.03¢ ~ | 0.549
o= Ct ;\g,_: cl~+x51<>+\-’ . Culg.\'i
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Table 3 Mechanical properties of line pipes for the Arctic use

{17 Grade X85 and X70 pipes with high Charpy absorbed energy for service temperature of — 25°C(High Energy Pipe)

] DPipe size, Body 11 Weld portion
all thickness Charpy V notch
W I_C ness Production Tensile test Charpy V natch test DWTT test
Grade] Steel cutside HAZ 1 Weld
diameter process -:' e . } . . [ ] 50% B 85% .
‘mm \_.b. .5, Y.R.| EL lat-25°C|CV100™VTI100 FATT at-25°CL at 25°C
finch) MPa % J C J °C J
o e | ASSIES 0 cr s | see [s6.2| 43 | 126 | 8 |- 80 |-113 | 74900 35 | 96 | 165
Xio €2 " " 512 | 603 |84.8| 41 | 138 98 |- 80 |—120 - | - | 9l 7
e Lo | 6T ; v _ ik
X5 | C1 (1,06 481 : 468 | 576 |81.2} 43 129 74 160 | —135 42 85 172
X65 | C 3 " " 499 { 583 |85.7| 47 | 136 | 105 |- 80 |—110 - -44 | 64 | 188
. } 3251219 - -
NG5 | C-4 11.28%48) ' 475 | 590 | 80.5| 42 125 83 |— 80 |—115 |[11700| —60 75 163

+ V100 is energy at VT100, *+*VTI00 is lowest temperature of 100% shear fracture

(2) Grade X70 and X80 pipes with extra high Charpy absorbed energy for service temperature of 25°C (Extra High Energy

Pipe)
Pipe size, Body Weld portion
wall thi.ckness Production Tensile test Charpy V notch impact test DWTT Charpy V notch impact test

Girade| Steel ]‘f“ts'de HAZ Weld

¢ m::m process |y g T §.1y.R.| EL [at-25Clat-80°C|CVIIT|CVI00 SQ{T at 35°C Sshse/n”r lat ~25°Clat 40°C|at 25°Clat 40°C

(inch) MPa % I C 7| C J
x70 | 5| 13-2X1218 | p i5gg ) 65 (a4 39 | 261 2
. o o o) . 140 | 177 | —69 1 —112| 5886 —53 | 247 | 226 | 152 | 140
X710/ C 6 1(%5;;242;)9 » |492|587083.8| 42 | 203 | 137 | 139 | —70 | —115] 7151) -63 | 213 | 188 | 155 | 144
X70 | C 7 2(5fx>£féf + |5021603]80.0| 50 | 200 | 200 | 200 | —80 |—120|13538| ~ 45| 192 | 187 | 164 | 174
X801Q 1 1{%17;2546?52 Pipe QT*|586]653(86.0) 40 | 235 | 203 + 235 | - 40 |--105|10301] -35| 203 | 196 | 186 | 167

» Induction heating, ~+at --80°C

{3) Grade X70 heavy walled pipes for service tempevature of —6{°C

Pipe size, Body Weld portion
wall thickne . Charpy V notch
a jexness Production Tenisle test Charpy V noteh tlest DWTT | test
Grade| Steel outside HAZ | Weld
diameter process R - - - o T 50% B5%, o
mm Y.5. I.5. Y.R. EL at 607C [at 100°C FATT | shear at 60°C
{inch) MPa % J c | ¢ 1
xto | g2 | BHIEE L qqre | seo | oese | 77| 50 | 220 | 183 | 13| -6 | 7 | 1
x| Qs | BEIEEL qqT] sos | e | 771 | 46 | M0 | 108 [<-140| <74 | 65 98
* Duplicate quenching and tempering, roller \{uench and furnace heating
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Fig. 14 Hardness distribution of seam welded portion
in grade X80 pipe manufactured by PIPE-QT
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Fig. 15 Charpy impact absorbed energy curves of body
and welded portion in grade X80 pipe manu-
factured by PIPE-QT process
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softened zones and the fusion line of heat-affected
zone gave a CVN 50% shear FATT of —80°C.

Pipes of (3) are thick-walled with the service tem-
perature of —60°C. These steels have been used by
Kawasaki Steel for sometime as low temperature ser-
vice steel plates. They contain 2.8 te 3.5% Niand have
been made by applying UQE pipe forming to a steel
plate which was given the duplicate quench and temper
treatment.

5 Properties for Arresting Propagation of
Unstable Ductile Fracture

Large diameter steel pipes to be used as high pres-
sure gas linepipes must have sufficient resistance to
unstable ductile fracture. As a measure for expressing
resistivity to unstable ductile fracture, Charpy impact
absorbed energy is widely used. On the basis of the
results of many full-scale burst tests so far conducted,
Charpy energy values (CVN) necessary for arresting
unstable ductile fracturc were proposed by Battelle's
Columbus Laboratories (B.C.L.)Y, American [ron
and Steel Institute!® and British Gas Corporation!?’,
Among these values, the highest energy value is the
one proposed by B.C.L., which gives eq. (2), depending
upon pipe shapes and pressure values:

CVN = 3.57 x 1073 (g™ (Rr)** - -(2)

CVN: 2 mm V full size Charpy energy (J)
oy . Hoop stress (MPa), oy = PR/t

P : Internal pressure of pipe {MPa)
R : Radius of pipe (mm)
t © Wall thickness of pipe (mm)

The eq. (2) is a simplified equation obtained for the
soil-backfilled pipe. For the non-backfilled pipe, it is
necessary to return to the B.C.L. theory" and obtain
CVN necessary for the ductile fracture arrest from the
conditions that the so-called J-curve comes into tan-
gent contact with the intra-pipe decompression curve.
According to the calculation result, CVN necessary
for the arrest in case of a non-backfilled pipe is about
1.2 times the CVN value for the backfilled pipe ob-
tained from eq. (2). As CVN wvalue, CVT or CVI00
is used where CVT is the energy value at the service
temperature of pipes, and CV100, the energy value at
the lowest temperature to exhibit 1009, shear area.
However, CV100 has ambiguity in its definition and
physical meaning, and further in the recent B.C.L.
studies'?, it is reported that the use of this value
would tend to make the required energy for ductile
fracture arrest overestimated.

G.M. Wilkowski et al.'?, on the other hand, re-
ported that particularly for steel plates exhibiting
separation, the “effective Charpy energy (CVN),”
which is calculated from the following eq. (3) by using
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the BDWTT energy (DTE (J)) at the service tempera-

ture of the pipe, can express the resistance value of
material against unstable ductile fracture better than
the Charpy impact absorbed energy:

(DTE/Ap) = 0.631 + 3 (CYN/AL) -~ (3)

Ap:  Net sectional area of BDWTT speci-
men (mm?)
Ac: Netsectional area of full-size Charpy

specimen (mm?)

ce: Extra high energy, Open mark ! CVN at - 25°C
24 High energy, Solid mark © CV100

350 T — . r T
=072y s|oy=080cmvy | o=0.7200ys
Backfilled  |Backfilled Na hackfilled

300 o6 e - oq

Tl © ° ©
E‘: 1 %) [ &) O
: !
o - L ]
.. 200} *
© 150 8 P - 8 1
= [N [N / -
2 A N 4
<1000 A . ] .
2 3 F
- & [y
50 100 150 50 100 150 50 100 150 200
Required Charpy cenergy (I}
(a) (&) (e}
Fig. 16 Comparison of actual Charpy energy of the

pipes shown in Table 3 and Charpy energy
required for ductile fracture-arrest under the
following conditions; (@) oy = 0.720sMvs,
backfilled, (b) oy = 0.605yvs, backfilied and
(¢} ou = 0.7205uvys, no-backfilled

O : Extra high energy

Fig. 16(a), (b), and (c) show a comparison between
the CVN values required for ductile fracture arrest
obtained from eq. (2) and the actual CVT and CV100
values of the respective pipes in respect of HE and
EHE pipes in Table 3. Fig. 17(a), (b), and {c) show a
comparison between the CVN values, which have been
calculated by eq. (2) and converted into BDWTT
energy DTE by using eq. (3), and the actual BDWTT
energy values of the respective pipes, In Figs, 16 and
17, it is assumed that the service temperature of the
soil-back-filled peipeline is —25°C and operating
pressure values at hoop stress are gy = 0.60 ggyvs and
oy = 0.72 Osmys (Osuys: specified minimum yield
stress). Further for ¢y = 0.72 agyys, 2 comparison
has been made between the required and actual values
of impact absorbed energy in case of the no backfilled
peipeline. Figs, 16 and 17 clearly indicate that for HE
pipes shown with the » and « marks the use of any
one of CVT, CVI00 and DTE as a measure of frac-
ture toughness satisfies the required value under
oy = 0.60 ggyys, whereas under oy = 0.72 Ogyvs,
whether they are soil-backfilled or non-backfiiled,
only CVI00 does not satisfy the required value.

For the EHE pipes indicated with © and e marks,
the actual impact energy value of CVT, CV100 and
DTE significantly exceeds the required value under
any operating conditions.

As mentioned above, CV100, which has ambiguity
in its definition and physical meaning, is considered to
be a required value which is overly on the conservative
side. Therefore even if the actual CV100 value is not
satisfied with the required value, the pipe is considered

& High energy

25000 , : . . . :
= au=0.726wvs o =0.664wvs a=0.720 vy
& Backfilled Backfitled No-backfilled
% 20 000 1t 4 F 4
=
2 15000} - :
z 0 o)
o]
E a7y A M M
B 10 000+ o 1r © 1r © 7
=
= o obd
= 5000 9 it ° 1k |
o
3
<
< 1 1 ! 1 1 1
0 5000 10000 15000 0 G000 10000 15000 0 5000 10000 15000

Required BDWTT energytJ)

{a)

ih} tel

Fig. 17 Comparison of actual BDWTT energy of the pipes shown in Table 3 and BDWTT energy required
for ductile fracture-arrest under the following conditions; (a) gy = 0.72¢smys, backfilled, (b) oy
= 0.600’51\475, backfilled and (C) ay = 0.720’5}41{5, no-backfilled
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to have sufficient resistance to unstable ductile frac-
ture if CVT and DTE satisfy the required energy.
Namely, HE pipes are considered to have sufficient
ductile fracture arrestability under normal operation
pressure of o = 0.6 to 0.72 gsyys. The EHE pipes
have room for ductile fracture arrestability even under
gy = 0.72 o5y ys, and are considered to be able to play
satisfactorily the role of the so-called “crack arrester
pipe” even under more severe operating conditions.
For instance, suppose that economy is given priority
in pipeline construction, and a greater part of the pipe-
line is to be constructed with low-cost, low-impact
energy pipes, but in several places at certain intervals,
high-impact energy pipes (crack arrester pipes) which
can sufficiently arrest unstable ductile fracture are
to be installed, Tn such case the EHE pipes will be
optimal pipes.

6 Conclusion

Laboratory experiments were conducted on the con-
trolled rolling (CR) for plates and quenching and
tempering (QT) of pipes with an induction heater in
order to develop high-strength large-diameter line
pipes for arctic service, On the basis of the above,
X65 to X80 grades UOE pipes with outside diameters
of 48" and 56" were manufactured. Conclusions are
summarized below:

(1) The temperature region of CR is divided into the
following three stages: Higher temperature aus-
tenite recrystallization region, austenite non-
recrystallization region and dual phase austenite-
ferrite region. Rolling between Ar, and “Ar, —
40°C” can raise tensile strength without sacrific-
ing toughness. This is attributable to the forma-
tion of “fine-grained deformed ferrite.”

(2) In the relation between the Ar, point of steel
during rolling and chemical composition, the
following equation becornes valid:

Ar,(°C) = 910 — 273C%, — 74Mn %,
— 56Ni% — 16CrY,
— 9Mo% — 5Cu¥

As a result the above rolling in the dual phase
region can be completely controlled.

(3) Charpy impact absorbed energy in the direction
transverse to the rolling direction of CR steel
plate rises exponentially in proportion to de-
creases in C and S contents. Further, with Ca or
REM treatment, the absorbed energy value rises
much higher.

(4) The Ca or REM treatment of CR steel improves
the toughness of both base material and heat
affected zone,
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(5) Increases in Ni and Mn contents of CR steel
raise tenstle strength and simultaneously lower
the impact fracture appearance transition tem-
perature. This is attributable to fine-grained
bainite that is grown in place of pearlite, besides
fine-grained ferrite.

(6) When Nb-bearing steel is controlled-roiled,
reheated at a temperature slightly lower than Ar,
point and then quenched and tempered (CR -+
QT), its toughness is significantly improved. This
is attributable to the fact that the structure of
quenched-and-tempered steel containing niobium
succeeds the rolling hysteresis. Namely, fine fer-
rite grains in as-rolled plate contribute to make
finer the austenite grains in reheating and further-
more the ferritic and bainitic structure after sub-
sequent quenching,

(7) When Nb-Mo steel is given CR + QT, it has the
X80 grade in tensile strength and an excellent
toughness in BDWTT which exceeds those of
conventional QT steel. This is attributable to
the formation of a super-fine-grained structure
consisting of fine-grained ferrite and martensite
island.

(8) The following three types were manufactured: (1)
Pipes of X65 and X70 grades with a service tem-
perature of —25°C, a high Charpy impact ab-
sorbed energy of about 130 J, and a wall thickness
of 0.84 to 1.28"” (HE pipes}, (@) Pipes of X70 and
X80 grades with a service temperature of —25°C,
a very high absorbed energy of over 230 J, and a
wall thickness of 0.6 to 1" (EHE pipes) and &
Grade X70 pipes with a service temperature of
—60°C and a wall thickness of 1 to 1.4”.

(9) Charpy impact absorbed energy values of HE
and EHE pipes at —25°C satisfy energy values
necessary for arresting unstable ductile fracture
set forth in the proposal by Battelle’s Celumbus
Laboratories which is considered the severest.

(10} The EHE pipes have impact energy well enough to
arrest unstable ductile fracture. When they are
evaluated by any of the energy values of CV100,
CVT and BDWTT, namely, they can satisfac-
torily play the role of the “crack arrester pipe.”
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