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Abstract

Seamless pipes for energy-related line pipes and Oil Country Tubular Goods (OCTG), used in
a severe environment, are manufactured at Wakayama Works. These products are manufactured
using round CC cast billets. At the casting process, the occurrence of internal defects at billet center
(axial cracks) becomes defects at pipe forming process and quality problems. As a countermeasure,
the optimum conditions for the final solidification cooling technology (FCR: Final Compressive
cooling for Round billet) were clarified here. First, the casting speed was adjusted to match the
final solidification position with the FCR zone. Furthermore, when applying FCR to larger diameter
billets with a diameter of 310 mm or more, it was found that the internal quality deteriorates due
to the generation of tensile stress at the center due to the y — a expansion transformation
accompanied by the decrease in surface temperature. Therefore, further optimization of cooling
conditions was performed. As a result, we achieved a significant reduction in the incidence of cracks
in the pipe making process.
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Seamless pipe manufacturing process in Wakayama Works (medium size seamless pipe from as cast billet)
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Corrosion resistant
oil well tube

Line pipes | c

Application Transportation of Oil & Natural gas
Demand Submarine, Low temperature
characteristic High toughness for welding
Chemistry [C]=0.05~0.07 mass%h

Billet size $ 225, $ 310, ¢ 360

Many product size varieties
Pipe OD : ¢ 170~430mm
Wall thickness: 7 ~50mm

Low carbon for high toughness
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Relation between temperature range of & ferrite existence
temperature and center cavity length

[ Constraint on direct rolling of as cast billet]

Reduction by roll Without reduction
—Poor roundness —Good roundness
—Not applicable —Applicable

poor
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[Mechanism of center cavity occurrence]

Shrinkage: Liquid > Solid
—Tensile stress occurs
at solidification front

Crack occurs at final
solidification
(Center cavity)

Cooling
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Constraint on direct rolling of as cast billet and mechanism of center cavity occurrence
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Schematic drawing of FCR
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cC Pilot caster
4.3 FCRIERMARICLAIZERENNRT (D Molten steel pouring into mold through tundish
431 HEEREEH Procedure (2) 4 min later after pouring, mold gap open by 5 mm
e i A . e . (3 Another 7 min later, mold open
=R L2 R BRI 9 1R @ Spray cooling start
-
[STEP1] [STEP2]
To adjust final solidification To control cooling
point within FCR zone intensity of FCR
-

Corrective factor
*Superheat
+Alloy content

Estimation of
compressive stress at final
solidification front

Prevention of center
cavity

Ol ]
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Casting speed (Vc) determined by
solidifying calculation on superheat and
alloy content

cf. ¢ 225:2.1m/min, ¢ 310:1.4m/min

Appropriate cooling intensity

determined by practice and FEM
analysis
(To be described in this report)
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Procedure to determine appropriate FCR condition
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Schematic
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Removable Mold
—Open after pouring steel
—Start spray cooling
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800

Fused Silica tube
(Control of shell growth)
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drawing of pilot caster
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4.3.3 {HERBRIER & B U /2 FEM B & 2 R
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50 Effect of FCR decrease
45 | at excessive water cooling Surface cooling (FCR)
=0 | —to be optimized o) Modeling l
E (Analyzed section)
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- 68
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B 15 ¢
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g o Free Stress analysis
= 5 Experimental results | at ¢ 47 liquid
. t . (heat transfer coefficient) core
0 10 20 30 40 were used
Water flow rate(8/min) .
11 FEM BhETIL
10 AHKEBICH T IEDEhFE Analysis of thermal elastic-plastic stress and strain during

Influence of water flow ratio on center cavity

MG 5 400 €/min & L7,

cooling of cylindrical ingot by FEM

Tensile § [ Conversion of appropriate
liquid core condition to operation]
/Ng 61 Appropriate ¢ 47 ¢ 225:230~424 (0/min)
E 4}t condition ¢ 310:317~584 (0/min)
E; &
= 9L
%A 4000/min
£ 0 —\i ———————————— —
iz /-— *k To estimate influence of
S 2 size on center cavity,
E 4 [ same water quantity was applied
I~ <.
-6 1 | | ™~ \
Compressive 0 50 100 150 200 Rapid temperature drop
. ,65 . 120 . just after cooling start
Quantity ratio of cooling water(0/min*m?2)
[¢225] 0 177230 353424 530 707| Cooling speed not high at final
[4310] © 243317 487584 730 974 solidification point
(Compressive stress decrease)
/
12 KEREIIM T 2F0EICHER (FEM B#4)

Influence of cooling intensity on calculated radial stress

2 FCR E#EARBREM
Actual casting condition with FCR

Item Condition Remark
Steel grade Low carbon steel (line pipe, X65) [C]=0.05-0.07 mass%
Billet size $225 mm \ $310 mm -
FCR 400 {/min Conversion of appropriate condition to operation from experimental results
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¢ 225mm billet

¢ 310mm billet

| Cross section

Longitudinal section

Base

with FCR ,

¢ 225 :Improvement of
center cavity by FCR

|

— 117 —

¢ 310:Degradation of quality
by FCR

13 FCR E#ERHBRER
Result of center cavity with/without FCR
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1100
1050
1000
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850
800

Billet surface temp(°C)

700
650
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0. 2.8 |
Rt N ) During cooling !
'.;‘ 2.4 v (fce)— a (bee)
\ 8 90 | transformation temp(860°C)
o
§ 1.6 |
5]
2 12 F
o
= 0.8 B
E Volume Expansion due to
& 04 r phase transformation
Volume expangior = 0.0
. L _0‘4 1 1 1 PR | 1 1 1
. . 0 200 400 600 800 1000 1200 1400
Distance from meniscus(m) T ture (C)
‘emperature
¢ 225 (y — « mnot occurred) $310(y — « : Occurred)
©) @) ©) @
High Ve Shrinkage continues Low Ve Expan'sic?n oc‘curs a't final
—FCR starts at till final solidification —FCR starts at solidification point
higher temp. point lower temp. vy (fce)— o (bee)

%%%

L{F

Tensile stress
(Center cavity)

Mild cooling FCR

[STEP1]

To control cooling

Compressive stress is necessary
[ To keep billet surface temp.> 860°C (y — « phase transformation) is necessary
14 310mm ZEAD FCRBEAICL 2NEBIL X H =X LHEE
Mechanism diagram of center cavity degradation on ¢ 310 billet with FCR
FCR y>a
(Ineffective) (Expansion)
| = |
Revision % Eappropriate
> :
[STEP2] £ ;<:C
5} H
@) H

To adjust final solidification
point within FCR zone

intensity of FCR

S

[@Upper limit of FCR water]

To keep surface temp.> 860°C

(y = a phase transformation)
is necessary

+Alloy content
*Superheat

:|‘ Ve adjustment

A%

OB B FadT

[@Lower limit of FCR water)
Compressive stress acts on
the liquid core at final
solidification point

FCR water flow rate

Prevention of center
cavity

o

15 FCREMETEICHITZELS (B10mmZE FCRERERE)
Optimization of FCR condition
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FEHM LTI 310mm BEANOBEHIIAT &% b0 — T
PEREFIZ 31T %5 FEM M (Wi o —# &2 ) h 72
TV) T, EL v M T O =LA S
NTWhholz, FIT, YLy MIHEZEIC & IR
DFEEZ R L 72 FaH 2 506 L 720

5.3.4 #/LEIhIIEHPIAEL FCRAEERTE (D FCR A
EDTIRE)

FCR 3D T AT 2w a2 K 18 (IR TE T I TR

L7ze S2CIE, #i7z2dMiliigiZe LCE L v MR
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J

Aim: To keep billet surface temp. Tp=860°C at
final solidification point (fs=1)

1 FCR Zone
1100 ‘ .
. s . Surface temp

—~ | Final solidificption
8 1050 point ]gcalc.)
© 1000 F s
*g 1.0
5 950 ’
g 108 T
g 900 : E
‘g 850 . A R R R B RO, - 0.6
z 1 04
% 800 75 .
3 750 + Phase transformation 4 0.2

700 . 0.0

Distance from meniscus(m)

16 FCRBSEEEEDE 2 FH
Schematic view of prevention from overcooling by FCR

4

L: FCR affected length

=]

'

T, ¥l MREHE POHBOEEIREEED b BUGT) & E
M9 27NV EMER L7 (SA0E ORI EEE T R A 5 E

o TOBUSIIZAT LT, FCRHEEDHETLIVL v &

KEBENMERT 52T, ELy MEEICLAIUHEEE
AR I H D A AT,
19 1IZHLEBER JIIZX§ 4 FCR E D F 2 % 7R T
KEALIZPE, FCR & HNC X 2 Wik Ui & 13/ MESx L ¢
overall shrinkage of billet cross section

)
&

E>d> 310:FCR not applicable? ]

New evaluation model developed by considering

p
Experimental result

\FCR>317Q/min
N\
e .
Prevention from y — « transformation
1100| FCR<2208/min
1050 F <: Same condition
£ 1000 -
(L.
F.L 950
g 900
3
§ 850
g 800
N
750
700 L 1 . . . ;

0 100 200 300 400 500 600 700

FCR water flow rate (I/min)

17 FCRIC&ZHMEEME CHORERE T, R
Relation between FCR water and billet surface temperature
at final solidification

Cooling rate Ks = _T51 ~Tso
(Surface) Ttl - %Q

A Cooling rate K¢ = Gz
| Nals (Center) t1—to

*Surface and center temp:
Calculated value

Thermal stress on liquid core calculated by

cooling rate difference between surface and center
—”Acting force to liquid core” defined by considering
overall shrinkage of billet cross section

Acting force to liquid core: Compressive(+), Tensile(-)

Thermal strain Vx

Thermal expansion

liquid core FCR affected area

n—1

Xn —
&€= a(T)(KS - KC) T
c
agy =(5.17InT — 17.9) - 107

coefficient 82.36
Young’s modulus  E¢ry = 225 — 0.068 - T - exp <T>
Thermal stress o= E(T) -g

Acting forceto  F =0 ; (2nr-L)

Shrinkage on different cross section

C

(2) | Ks:Surface cooling rate (°C/min)
K¢ : Center cooling rate (°C/min)

3) T: Temperature (°C)

(4) r:Radius of billet (mm)

(5) L:FCR affected length (mm)

(6)

an be considerable

18 FCRhREHMEET IV
New evaluation model of FCR effect
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REL L7720, [H—iiam TOFRLEERININELD D
K& b TD0, EHRAB TR TH o 72/ E
(225mm %) & ) L DR TO FCR A RIFEEATTREE 72 5
ZZT, B LENUERRDE S 72 225mm £ -FCR it
400 0/min (FEHERAER) 2R L L7-8E, FSoH.LED
VeI %45 51213 310mm 2Tl 155 ¢/min &7 Y, RZAS

Sufficient condition:
Surface temp. = 860°C (y—a transformation temp)

< =

Same force as 9225

I
O

9310

N
S

z
e
S35 —155 ¢/min
=
s 30 >
= i
f 25 F Influence of
b 20 section size __-==""
2 g 0225
15 F e
.E] 10 _--="1 Experimental prerequisite
g st . jPtad i | Min. 317 ¢/min

0 r i . .

0 100 200 300 400 500 600 700

FCR water flow rate(f/min)

19 FDEIEAAICH T 5 FCR REDRE
Relation between FCR water flow rate and acting force to
liquid core

FE [ e ] BB 20
THbo

(220 ¢/min LLF) T FCR 3# 251 fig

5.3.5 & FCR &8 D1&5T

20 128K Ly A A TOH#E FCR i #ipH 2
FERZ IR, KA B10mm ££LLE) TI3/MEH (225mm
) |2k LC FCR fit s D@ E#IPAAYK < 22 1), FCR @I
WL 222, LAL, BEEZITo CGEIEHIPAZEX, 2
OB BRI B CHIBIM RE R AR Ch b 2 L %
TR L 720

5.3.6 FEM f#47 % FA\\ /= FCR &R 8 DA&EE

21 I FEM BT ET V2R T, T2 TOMEMTIZE L v
M AL ZET D20, 12 ETFNVE L. F72,
HULER I 30mm D ZERR A FEF A 2 & T, FCR V' — Y A
HICTOREERE A AE L7z & 2 TREEMFERED 30mm 12
DWTIE, 225mm T FCR #2157 4 % SRS
MWL, BEREFHEEIC 3BT A FCR V) — 2 AT o REERE 5
BL L7 R22 1L AREFEROEZAL (K21 71y
NESDZEARL) & IRT o BESE Y, FCR jiiE 400 0/min Tl

1200 -

1000 Lower surface temp due to lower Ve |
800 |-
600 - appropriste

condition

Severe control
is necessary

[DUpper limit of FCR water]
To keep surface temp.> 860°C
(y = a phase transformation)

FCR water flow rate (/min)

400 |- - :
200 | \

[@Lower limit of FCR water)

Same acting force to liquid core

200

300

350

400 as ¢ 225-FCR 4000/min

lp310]

| p360]|

Billet size (mm)

20 H1 XF)FCREIESRM
Influence of section size on appropriate FCR condition

1,

/

Liquid core ¢ 30mm

at entrance of FCR zone Pott. A,

displacement of diameter

21 FEMfEthET L

FEM model

H A& # % B W #4475 (2019)

0.6 ]
FCR FCR=400 /min

0.5 r Zone -

0.4 | Expansion of diameter

l

0.3 Center cavity formation

0.2 f

-------

0.1

Displacement of liquid core (Ax)
(mm)

-0.1

Distance form meniscus(m)

22 FCR Y —>ATOREEERZHERE
Calculated displacement of liquid core during FCR
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FRETRD y (fec) —a (bee) HEREIZ L 2 EDILKIHERR S
N7zo —F T, FCRiim%HMEFNIITEL L7z 170 0/min
LD T, FEOIKA FCR FE# R L TR A 2
EDHERR S T2

23 IZ FEM TS BT 54 TE (2 IRTTTE % HillhE~
Ha55) 53A% % 7”797 FCR @5 #1EE (FCR=400¢/min) (33
BT y—a BWIRERENTSA L, RBEIZE RED TR
N7zo TOFER, HLEICKRERFIRENEELTED,
LLEIEL R ER SN TWwE, — 5T, #IEiE
170 ¢/min 12 BV T EBEBIFMEEDFE L, Bl
WTOEMEMEE SN TV L, D EAD, BEHEREOH
BIVEDKRRE S N 72720, FEREABRIC L S 310mm FND
FCR i %R 2 5 L 720

FCR flow rate: 170 0/min FCR flow rate: 400 0/min

Tensile

Compressivg

D

y—a

Center cavity €— transformation
(Tensile strain)

Compressive€—— Compressivd  Tensile

Improvement of center cavity

23 FCR:EHAIC & 2 MiEENE S (FCR ARl L V) 2mfE)
Analyzed strain distribution at 2m from the entrance of
FCR zone

6. 310mmRICH (F BFCRE A ER

6.1 310mm & FCR EARBEM

£ 312 310mm £~ FCR # HRB G2 7T R
MEIBAEDTEER T NL T 7L —FTdhb, X657
L— PR E Lize T72, 2 RGHENI ARSI AL E O
ZEALE HIICHKEE —E & L7z Ve lZBERFERHRIZ X
NEDTz, WAEEEZ FCR V' — Y ICHET L7200
Ve /8% — v % V72, FCR L& T FAIMRETIC BT % e
MEHF O T, BEMRA TR 170 0/min B XL U E
OESEAM 2 HiW & L 72 200 0/min @ 2 /8% — » TORERE
FEhi L 720

5

6.2 FCREHAII L ZREEES

24 |2 FCR#ANC & 2 IR ERERS L2 R~ T. 72,
B COMREEIX FCR V' — YN TH L7013
A ThHolze 0720, AR - BHIISEHIGRE A & B T
BT L 72IREA R LTV b, FCR FiHE = 2000/min
DOHFPHTIE, FAEERETIE T 860T LD IR SRR
SN, FEIREE D ORER TR,

6.3 #DLEIhAENR

25 |2 FCR it & B Ol LEIN BRI R 2R o AR
FHZCED /M IET =P (170, 200 0/min) (25T, fE
FlZxt 3 A OE N OUEE R HERR S .

26 |2 K m TOY 7 Ui R 2R . Heits

#3 310mmEEL v b FCREAREREM
Modified casting condition with FCR for ¢ 310 billet

Item Condition Remark
Steel grade Low carbon steel (line pipe, X65) [C]=0.05-0.07 mass%
Water flow rate Comparison | 170 £/min: Minimum flow rate within capability of facility
FCR Test D 170 ¢/min 0 £/min 200 £/min: Prevention of y— a transformation and estimation of influence of
Test @ 200 {/min 400 ¢/min flow rate
BFCR start (obs.)
1200 TiFinal solidification point (estimated)
- OFCR end (obs.)
&0 F 3 1025 1023
—
£ 1000 f
’g 900 | . 882 v(fcc)>a(bec)
g ; T Transformation
= i 768 i ! 795
g 800 i P73 -
< ! ] E i i
5 100} i P {1653
5 | L s |—|
= 600 i i ! i i
500 ! H i ' H !
200 400

FCR water flow rate (I/min)

24 FCRMBICLBEL Y MREEBERE
Relation between FCR water and billet surface temperature
H & # g
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| Modified FCR condition ‘

—_
o

\

Length of center cavity (mm)

—
(=]

i

0 100

300 400

(170, 200 ¢/min) T FCR @M & - THEWTIE, HEWTTE &
HICHLOEINOWEDIER SN2 72, FCRILE =
170 ¢/min S BV TIEFHFA T D725 THRE L725)
EHFERLZA, 310mm £~ FCR Fiffr oG M # MR L
Tro KGR, T A V3 TOWEIR N A X TOWNE L EERAT
AT SNz,

7. BRIEEMAORENETIREFM

27 | BRI RN OB Z IR T o FCR D@

200 500 X0, 225mm %, 310mm & S ICHE RO ERRE
FCR water flow rate (0/min) WL SHUSEY, Fh ATy FE~ORE S
X 25 FCRAE(CXT 28 LEINAEIDR FECE, FCR Hir oA EDTEZE 7z
Influence of water flow ratio on center cavity
Test® (Optimum) Test® Excessive flow rate

Without FCR

(FCR170 2/min)

(FCR200 2/min)

Cross section

(FCR400 2/min)

Longitudinal section

o~
3 i ;
g Improved by equiaxed Improvefi by FCR Inproved by FOR Degraded b-y excessive
b structure (Optimum) cooling
26 310mmEEL Y bADFCREAEL v D~ 7 OFHE
Influence of FCR water flow rate on center cavity (¢ 310 billet)
1.2 1.2
1.00 $225 1.00 $310

B 1.0 810

K g

0.8 $ 0.8

«é Improved by 66% ~§ Improved by 79%

2 0.6 206

Q Q

£ £

% 0.4 0.34 % 0.4

3 3 0.21

-

0.0 0.0
Base FCR Base FCR
(a) ¢ 255 mm (b) 310 mm
K27 SWEPRKERIEDR GHEREKXME)

H A& # % & W %445

(2019)

— 122 —

Influence of optimized FCR on inner surface defect of product tube
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8. #& )

FTA U TOWELEY HIICEHA L, 97 FCC
NOBEFE ARG HFM (FCR) O FEx FL 0L T L
5o
« FCR &M 0% 5E I BT, Of i EEFE & % FCR V' —
CHIZT A TA YT AIZDO Ve BB LU, O
B [ 1 OB IS RIS D & A5 C & B Sl
DFED 2 HHFEEE 2D,

PERARIE (BEEEEAER) (2B A IRa#iii & 400 0/min 514 C

1, 225mm £ Tk E.OE NS S . LA L,

310mm £ TIEPERITH§ 2 BALD L S 720

o REEY A X128 % FCRE M TIE, fi&ERENE %
FCR V' =V IZEDLELZOII Ve MK FT 52 & T,
FCR B OEMRENK T T 5, 2070, KEFH
D y—alBIRERE BOCTLLT) BFEET L. ZOME,
HLOEBIZE BRIG D 233849 5 2 & TIWEDTEALT %o

o REBEH A X CUERALBEEN 1 F T2 B 2 IR HE ]
D728, FCRmEmD FREIAVMEL D bEEL < %2 5o
ZOREFR, FCREHLYL Y FOKFILICL Y, BEIERE
HiPAAIK L 72 %o

o RBRIZ BT S FCR A RFHIHRIEORESE 35 X VR
BRI X DRV RAEFRIC L D REH A X~ FCR # FHH Al
TR 72,

« FCRIZKZE Ly oM GENYEEICLY), BETHT
DOHEFEAERRITKIFICIRD Lz TOME, HhbNA
I N ~O s H O el % 15472,
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