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Fig. 1-1 Adoption ratio of high-tensile strength steel sheet in automotive body?
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Fig. 1-2 Relationship between ferrite grain size and yield stress
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Steel :C(0.14C-033Si - .1Mn, Ar;:1055K)
Reheating : 1273K

Strain rate : 10~23s™
Quenching : within 0056s
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Fig. 1-3 Effect of strain and temperature on the fracture and the grain diameter

of the fine ferrite formed by hot deformation?
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Fig. 1-4 Schematic of 2-pass deformation test and its result®.?
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Fig. 1-5 Grain size distribution through thickness of the strip rolled in a production mill®
(Chemical compsit:0.13C-0.32Si-1.07Mn, Final pass reduction:27%, speed:700mpm,
Exit temperature:1043K, thickness:3.5mm)
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Fig. 1-6 Three concept of heavy deformation (HD) studied in Super Metal PJ4
(Type I is HD at supercooled austenite, TypeIl is HD of dual phase
and Typelll is DH with reverse transformation)

Table 1-1 Summary of grain refinement by means of experimental rolling mill
in Super Metal PJ14

Concept | Steel | Reheating | Rolling | Thickness | No. of Grain Size (um)
Temp. Temp. Reduction | Passes | Surface 1/4t 1/2t
Type I MA 950°C 700°C 20—8mm 1 Bainite 1.5 2
Type I RE 950°C 700°C 50—7mm 4 1 1 3~5
Type Ia | MA 850°C 750°C | 90—2.5mm 2 — 1.1 —
Type Ib | MA 700°C 660°C 100—5mm 6 1.5 1.5 2
Type Ib | RE 700°C 660°C 100—5mm 6 1 1 1
Type II 9N 550°C 550°C 50—5mm 3 0.5 0.5 2

* Grain size of Typelll is for austenite, and others are for ferrite.
Steel MA: 0.15C-0.4Si-1.3Mn-0.01Nb-0.01Ti, Steel RE: 0.15C-0.2S1-1.8Mn-0.03Nb-0.1Ti
Steel 9N: 0.3C-0.3S1-0.8Mn-9Ni
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15mmiE, 12mmENIKT L P OBSLEL A i L CA— AT F A FhiftZd 300pm e 17pmiliHEE L=
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SM490 FH4 £ & 7= R BR O H ¢, IRERIPH 1023~773K(750~500°C), 33 /¥ A DOfRJE I =
7% DSAF TITEIRIEL 0.5pmD 7 = 7 A A HE AL, ~TEE LTH 20mmAX20mE &5
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Fig. 1-7 Influence of compression strain on ferrite grain size2?

2000 AFAZ VI ISR AT IRk g 2 U 7o MR 2 A T A BV IEIE T A 3 TR S A7 (Fig.
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WD A, FEARRICITKRE FEEREFOAREIRO 72D 1 — /L O/ b A BR L, BEEh L2 fmig &
DINTG v ALBE LUTAERE U TR N RINS N L D Z LN TE D, E - Hmsl
SEE N LRBNC L HHRIEE LA 26 L, RO ELZ S 22 B TRE STV 5D,

BB EBERE T EAE & SRRV F S SRR A E T2 R 2 MGE T 2B OFE RSB/ R ST
%29, fHAK 0.17C-0.1781-1.46Mn, 170mm/EOEfEHIE A T 7 % 147T3KIZIE, 7 /S A OMFIE
T 30~40mm/E D/ — & U EEFIFERZIC 2mm/E £ Tft: BJEFE L T 878K TR X o T 5, Ik
JEAER X OV HIZ 13 Table 1-2201Z /7338 W 4 /KHEICZE T S, A1 BJEIEF O EEZL I3 EIEA S|
A HUR IR BE ZHIE & eI FHELIC & o TFig. 1-9 OFRICHEE ST\ 5, i ORIESM(A) Tl
7.20mD 7 =T A MR, L EH%E 3 XA TOE TR 40%L LOKRIETF, NABEBGHHE, 707
U T — T VRIBRN A AL G DR 7o 4 (D) TiE 2.2pm ¥ TRk L 417 (Fig. 1-10).



Cooling Bed Curtain Wall Cooling
Reheating A
Furnace 4 s " :

Hot Caoil

Runout Table

‘A Edger(RE) F1 F2 F3 F4 F5 F®6
Slab Rougher(RM) Edger(FE) SRDD Down Coiler
Finisher(FM)

Fig. 1-8 Schematic of hot strip mill at Nakayama Steel Works2?

Table 1-2 Experimental conditions at Nakayama’s hot strip mill24

F-mill Entry Reduction Curtain F-mill Cooling
Temp. at F-mill wall Delivery pattern
(K) cooling | Temp.(K)
A | Conventional | Conventional off 1153 Average
1253
B Low High reduction off 1103 Average
1233 at latter stands
C Low High reduction on 1033 Average
1233 at latter stands
D Low High reduction on 1033 Front
1233 at latter stands strong
Reduction (%) F1 F2 F3 F4 F5 F6
Conventional 54 41 38 35 27 17
High reduction 33 34 33 40 44 43
at latter stands

1250

1200

1150

1100

Temperature (K)

1050

1000
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Rolling time (s)

Fig. 1-9 Temperature change in finishing mill (Experiment at Nakayama’s hot strip mill)29
(A condition A, O:condition B, 4:condition C, where A,B,C is corresponding to Table 1-2)
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Fig. 1-10 SEM images of microstructure of fine grained steel sheet manufactured
at Nakayama’s hot strip mill24
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Fig. 1-11 Rolling load capacity of hot strip mill finishing stands
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$28 BHYMAmROEEREHDRE

2.1 EEREE

%/ Z G EMHIFEREIZ 31T D MR A OB GME & | Z DERO 7 v ABEO A & 2)
RELHEDDZDIT, 32&VF@ﬁf@ﬁT%&%?wﬁﬁE@Vi;v~&ﬂ%ﬁﬁbkoEg
2-1 OB DB Y | JEIERE 3 # 4 IS MINTITERAMBYA, BEKEN T 27— v 74
&, éﬂﬁﬁ%ﬁxfwéoF@%@Eﬁﬁéhmez1m%?oU~&u~w@&ﬁ
200mm, 7% 400mm T, FEHEOK 1/4 B TH 5, 3 A ¥ > K(F1, F2, F3)DRIFRILAIZETEA,
AFFETIEF1-2 o v — Vil 2 2100mm, F2-3 [ o v — Vil R gk 2 1000mm & L C
iz, F2, F3 A% > RiZFig. 2-1 O . A\ OAT P ZPEIEERET 2 SRR E & L
TW5, JREEHE L UIEmETHY . 1004 —FDOTHAHE TN L TCELH2 L, F2, F3 T
A 0.17sO /S AR CHGIELE TE 5 Z E N RE R E oo TV D, WM, Bidd 57
T ARERFT O 72 DIZHE 300mmE TORBRA ZHIET 52 L L L, EDOZODELERKET—F D
FESC, TR v — Lo 7 MERREREERSE b e LT,

A E O FHAE A Table 2-2 12779, M EIEE X2 TARFIED T DIZH T2 ICRE L7 b D720,
MYNIEMBGE I VICBIT ST 07T 7 T —7 G EIEERE L IFIEREDHAREZ AT 5ET L
WHEEQCIT, 7070 MNAEEB) O ERE L, ERERG LT, £0%, mﬁkﬂ%%ﬁﬁ
BB AL Y R, BEOF3 2% v RHAIOREIEEZBH LT\ 5, HHEEE LML HIF
LT@%%@%H%%ﬁm“@ﬁ%émyﬁwﬁﬁ\Kﬁ%ﬁ@%Lﬁmf%éio;&ofwéo
Z 4 v RiEl(Inter pass). F3 Hifll(After pass). 7>+ F@fﬂ%%@ﬁ%ﬁ THHKDIE TR, 1
2 Ul Y720 Jii EOFHHE S AIgE7Z 08 %%’%wf%h% IFE—EE L, %ﬂ%#@w
HIXEEARNI T H GG, TR O, 372 b bR ol %f&ﬁmA/aﬁgﬁ
TIT-o 7,

F1std. F2std. F3std.
2100 | 1000 | 13000
Furnace N !
Run out table cooling equipment

o m—) n L - g equip

J — Descaler '

] D_\ a
] VU(’I'

— QX}Wéij

u
S

] L | Inter-pass & after-pass
rapid cooling equipments

Fig. 2-1 Schematic of experimental equipment
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Table 2-1 Specification of rolling mill

F1 F2 F3
WR diameter /mm 200 | 200 220
WR barrel length /mm 400 | 400 400
Max. rolling load /KN 3000 | 2500 | 2500
Max. rolling speed /mpm 540 | 360 720
Motor power /kW 700 | 700 700

Table 2-2 Specification of cooling equipment

Inter After Run out
pass pass table
Length - 0.7m 7.2m
Total flow  /m3/min 1.5 1.6 5.0
Pressure /MPa 1.5 1.5 0.5
Spray header | upper 2 12 88
lower 2 12 88

2.2 BERRTTE

FEBROIERER IR TTE, RIFIZOWTIHRAR D, VUBEOAHE O FERITE LFHIRLO L WEGAITIT,
Z ORERESR A Wz,

AWFFE T AW TG B, O RL % Table 2-3 12773, BUJ1%EEHH Y 7 N THERMOCALCIZ & - T
Wi-Aessild 818CTh 5, Fig. 2-2 ITIFFERFGIE, FHE2HBEANICEK LTz, FBMIXFITTEEEGE
VOB EI 0 LTz, b B T IES OF) 4A0mm/E DM & 7 A VAN L, Bk
WRACHTE HEIZOIE, BN T L7z, ZOHEERD &AM 5 T M — MmO RS
BT D Z ENAREE 72D, B AT 30~35mm/E, 50~100mmiE. 50~70mmi,
BRAMBYFIC T, REAFEFK T, FFIE 1000°CT 1hrld BME, MBI A3 2 3Bk A im0
—RA— V& FAEETHSICERE L%, EEEBEO AT — 7 MR, BIZEEKRAT L
— TR —/LERE, EHEICFLICTETR 30~50%, /3%, 2~3 /S A OHELEE Ffi L 5~20mm
JEIZ, T 2 TR FIERE TIREDNFTEM & 725 X 5 1S hun CIREFIE L, F1-F2-F3 it 3 /%
ADE EFESERS L O AR i U 7o, th EIEFEIR EE O EH] & L CId JELERT 820°C. JEIEH 820°C,
JE T 31 30~60%, /S A DI CEE Ly, i EEIERTOMREZ MEAE TS 5 2 & ¢,k
JEFESARE 2 1.0~1.2mmIZHi % 72, &/ SADE TR, FUEELEIT, MBND S AETT
THREEZET UTRIEZFHIT 2 EEZ R SAEO 50 IR L [EIEHO 0 — L X ¥ v T3RE & i
THZ LIk THEZMGE Uiz, NAMBFRIIEEEEIC L > TER L, F2, F3 O@EART
ANIHNEE Y 72 0 O E E( A7 e )RR L LR D L ICE FRISE U CHRELEZ, Zhix
BV B I NV ORRIZ—BPR 0 S BAEIA ¥ > RCRIFICIEE SN D ¥ 7 AEEICR N
TUIMEFRMETH L, AFERTITIAZ o FHEFERECT LiBR A 238 FRFICEES LD 2 &7
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mololzd, AR 2 7 MEIERRE L L TRIELTE D TH D, AKITFL @pf%7747ﬂ

— ERM AT RE L AN, 25T 5 LRIV IEE, BITEE R —/L L ORI

B ORI FARE o 7eizd, HRIORE L/ S D 2/R0 -1, LIZh» TRBFJRIC 7‘
DN AIRFH O BHAEITF2-F3 WDORIER L7cb D TH L, mANTA X R, F3 HMl, Z

7w iR EBS CTE, IREERE T B ORI RTR 0@ v SR O

HEDFRE TITo 12,

Table 2-3 Chemical composition of specimen (wt%)

WG Uz~

C Si Mn

av!

S Al N

0.15 0.01 0.75 0.020 0.002 0.022 0.0022

F1 std F2 std FS std.

Pyrometer

g

Heating
1000°C,1hr

—o—Pp

Rough rolllng
' < }30 ~50%/pass
Air-cooling for
temperature adjustment

Fumace Descaler ?
???? 999999

gg&g IRILE
: ‘ Run out table
: cooling equipment

After pass rapid
cooling equipment

o o
< >:< \'ﬁl
0.8~3s 0.17~1s At

900~950°C

Fig. 2-2 Standard procedure of experiment
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INENS OFRE 2 TR T A0, ALY H L-E#ZICKBECERETAAL, B2 U VBT
Ty F 7 U OSBRSS TRIZ L% Fig. 2-3 12757, SR 1000°C, 1hr MEAOERESA: T
&, INEVELRS O y RIFRIZIEIE 200pm RifE TLE LTz,

¥ grain size:185um

200um

Fig. 2-3 Micrograph of specimen soaked (1000°C, 1h) and quenched

2.3 fE@AIE N RO ERFAE

S A RHIRERS 28/ S A FESENC &2 2 BBIMGRIRT SR B 0> rTREME & B & NS T B 7o b, S AR L O
FEF RO AT 5 PIRERET 1=,

(1) EEBRFEBLUVEH

R F1E Table 2-3 IZ7R L7z C-Mn Sl CTH 5, 1 E 3 /RA(F1-F2-F3)DJE T3 % 40-40-40%.
50-50-50%. 60-60-60%(LL T, 40% X3, 50% X3, 60%X3)D 3 K#EL L, fI EH/E%E 1.2mm T
—E & L7z, F2-F3 /S AR X F3 O % 75~200mpm OFFH CTEELT5HZ & T0.5s 006 1.7s
F O LI H T, F3 AN 20— E D 810+10°CIZHi 2 5 72912, F1 AMREEIZIN % F13#HE ¢
TSR TR L U CHEZLEE Lz, &> TF1-F2 S 2RI —E TiER < . F2-F3 7S X [ &
BEEATH T CHh Wy, JEREZIZT T v b7 — 7 VEHEIEEEIC T 680°CE TAA L, TOHITKEK
TCTHm LTce 7070 T —7 /WIS EN TOMAEEIL 200C/ls ThH -T2,

Z ZC,F3 R 810£10°CIISHFEAD Aes (818 C)UTFHIRE & L T, F/mANE LR 680°C
IXFEREIE T A 2B T D IRRFOREN 2 AKGEIECERVEE L LTHELZLDOTH S,
BRANAT - T EBR(LLTF, Case DT, 77U T —7 VBEEEEO R B~y Z ) DIEIC
680 CE TCOMINTHELRIL D~y X2 LTz, F3 O v — L Hulbh b i it~y 2 & TOERET
—E(800mm) Th - 7278, JEIEME M ENBHLARFF (AL F3 AL U T 0.228 7225 0.58s £ TE
fLLTW%, 22T, F3HEDLEEN F2-F3 AWM & . At Ol FZ2FRRFICEZ TLE->TW
HZEZER L, OFEBRLT, Case 2) Tl F3 WA N CTHATIMEI~Ny X REEEZ D Z
ET, A 1.0s —EERD L DITTE LT,
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Table 2-4 Conditions for preliminary examination

Item Conditions

Specimen size | 30mm thick X 50mm wide X 70mm long

Reheating Furnace temperature:1000°C, Soaking time: > lhr
Finish rolling | Reduction: 40%, 50%, 60% X 3 passes

Finishing thickness: 1.2mm

F3 rolling velocity: 75, 100, 150, 200mpm

Pass interval: F1-F2: 0.8~3.0s, F2-F3:0.5~1.7s
Delivery temperature: 810+10°C

Water Cooling | Device: Run out table cooling

Rolling-cooling interval At
Case 1: 0.22~0.58s, (depending on rolling velocity)
Case 2! 1.0s (fixed)

Rate: 200°C/s

Finishing temperature: 680°C

(2) #HER

JE T &S AR DR A o1 % Fl 2 3R 72 D3 JEAERSRE ) Ol <°, F3 AR 4 810£10°C
HPICID DHRIN G| iR & LG DA DOERFIIR LN, ETFRAEMIE D &8k
BTCHR M 5y DI TRENN 2, BB GEINT 5, FIEEFHEN R E W& n—/L LB 08
fREEM N < 22 5720, mIROREBR A 1 HIFIEREISEV B — L ~OEOBE AR L, R
ERERT 5, Thbb, KEFEEFLEOSGEICITRBRAIRED FA T F3 HANRER & 720
WX REHTNE FRHELE DA TG0 r — /L & OHAAEIT F3 HANEEMEL 720 X T
LESe®d, fiF e UT/MNETNEEPKE MEE T LA 2R ERIZ R 2o T2,

R ORRIE 7 W I C B W THRIE S NI ERE S 50pm(EL T, K@), 1/4E, 112/ 8D 3 &
T SEM #2417\, ASTM UIKETY = T4 MREREZFRTZ, T a8 LR Fig.
2-4(Case 1), Fig. 2-5(Case 2) TH 5, F7-. Case 1 IZBWVWT 7 =74 PRI H/NSL o725
EUE T 40% X 3, F2-F3 /XA [H] 0.58) COMMEGE L | e b RE < e o 7o S (E T3 60% X 3.
F2-F3 /XA 1.7s) COMKREE & % Z < Fig. 2-6, Fig. 2-7 [ZR-7,

FKREHOMBIL T = 74 MREREDOIZ S DX N RE D o723, BE L ORI R E TRl < |
1/4 2, 12 JEDONEIZHL e o7, fe bR L72JE T3 40% X 3, F2-F3 /XA 0.5s S:F0FKE
TIE, FERART 1.6pm &g o7z, B OSIFE 2 O FERRIC TEME RS 2 i i m v S35
L7 2T 4 PRIRIL 5~6nm & 720 FiE -GV ISR L S LTV A, 1nm IZI3EE L
TRV,

X [ERE O JEfE TR LT D BANIE AL B AL, EAUTEEZR O HIBARER At 2 —E & L7z Case
2 THROHBNTZ, LL Case 2 TORARITEMAIC Case 1 TOREL VML, /S AERFHAFEHE
(2 K DHIRI LD R & O & e o 72,
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JE T3 40% X3 1IZxF L. 50% X3 LEFHREZE L THMALMEESNTZEITE AT, 60%X3

TiITe LAKRME L, SR RLEN & RGER Wit & o T,

Ferrite grain size (um)

Fig. 2-4

Ferrite grain size (um)

Fig. 2-5

S 0
4 A B
3 - /A A O
2 O/O A ﬁ 4

1 L] | | | I

0.22 0.29 0.29 0.43 0.58 0.58
rolling - cooling interval At(s)
0 T T T
0 0.5 1 1.5

Final pass interval (s)

—0—40% X% 3 Surface
—0—40% x 3 1/4t
—0—40% x 3 1/2t
—A—50% X% 3 Surface
—&—50% x 3 1/4t
——50% % 3 1/2t
——60% X% 3 Surface
—-60% x 3 1/4t
—1160% x 3 1/2t

Influence of final pass interval on ferrite grain size with varied At(Casel)

—0—40% X 3 Surface
—0—40% X 3 1/4t
—0—40% x 3 1/2t
——50% X 3 Surface
—4—50% X% 3 1/4t
——50% X 3 1/2t
—1—60% X 3 Surface
—-60% X 3 1/4t
—11—-60% x 3 1/2t

6
5 !
SN /

4 . l_,/.

i u D/D

2 O/)%m

1 t » j
rolling - cooling interval At=1.0(s)

0 ‘ ‘ :

0 0.5 1 1.5
Final pass interval (s)
Influence of final pass interval on ferrite grain size with fixed At (Case2)
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ND h 10um
T—»RD Surface 1/4 thickness 1/2 thickness

Fig. 2-6 SEM micrographs of rolled and water-cooled specimen
(red.:40% X 8, F2-8 interval:0.5s, At:0.22s)

,ﬁ\

/ 4 3 i < <
2’"[:\}% '@ [ uamn&

I T—>RD Surface 1/4 thickness 1/2 thickness

Fig. 2-7 SEM micrographs of rolled and water-cooled specimen
(red.:60% X 3, F2-3 interval:1.7s, At:0.58s)

(3)EBE

JEIE# v ENBHAGIRE ] At % 0.22~0.58s O FLigi ] & L7-355(Case 1) & 1.0s THEE & L7
Bt (Case 2) & T 2% & AiE O3S RH LT 2 @A 23 AMICHN -, HBHBHORIEIZ L -
T, HEIEIZ L 5 Ffb e C— B < e o TORIAAR Loy, REFERIRE THBNICE B S 2O
THNEE L7 =T A NERROEERY A B C T LESTEHEOBERNE Z L5, U?ﬁ@@
@k&?hi\E@i@ﬁﬁ@%ﬁ#k%wi&@<@ﬁ?ék®\kFT%@Ax%%%L
%ﬂi*ﬂlﬁﬁ%‘%rﬁ% Z Case2 TRHICTHDH Z L LIHET D, £/, F3 MMNREZIZITHI 2 72 &

IEEFHINCITERRIE D& b H Y, BEREIEH RE S LT ijtFT%%ﬂ/\XF'ﬁE#F%ﬁ

@m%f%ot;k%%x%ﬂé K EORE G LICEIRIZERESNDIEHTH Y, RILY KR
JETFRom S A BRI X AR R 2 U C L E 5 TR & 5, Wi LT H AR L D 7=
2 AN BRRL, —EOREE TR T2 L0 ) R CIImERE H KX WHERRW, §
(27N A T IRF TR R A A FEE O AN CIX] 2 ARSEBRIZHE Tl IS U T/ AR & At H3[F]IF
WZEL LT LED 72D, AT 0 ITIEMITHDONREE LUy,
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AR CIL, JE TR &I LD HIEREDOZ N K E <, AT HARRE A2 — & ORIk &
IET DL, JETREASRARBEEMOMAB DEICKE RHFE2Z T2, ZORIKEZEMT 57012
%, SAMTOREREFE LI T, FRIRE FE S ABRR OSMACIE, MR K & 7200 E
B T2 KB 2N R 2 LEE T 5, REBRTO/NARFERH 0.5~1.7s 1%, EFLO At OHiPH
0.22~1.0s E[RIA—XTH Y | fEdakiE~OREEL L THHAGEI &L FERIZE 2 5 b,

KRIEF @ EE 2 RiE & U OBk SRR E 7 2 2 E 2 5 ETIE, [EIE S 2 3B o
B EAEZMEL. HOMMLTOT A X 2R b/ER 200 B <TEHT 5720 DX A i d LUK
A EBHEDOHAPRD CTHERBER THDH Z ERborol,

o

24 NRAFRAMZAIN L =ML FHERER

T FROFM R L E 2, N ARIREMEE LR Lz BT, fdRiai b O Riist 2 H 57z
O TERET DEBREIT T,

(1) NRFTERAEEDHERERER

F2-F3 [l L OF3 HAIESEERE T, 1.5MPad@EEK A T L—2 5 Z & T TEVWGH
BEa FZH L T\ 5, F2-F3MAam Oz H 2 14 L 7= % Fig. 2-8 12779, 30mm/E DBk F % 1000°C
FCTHTIEV L7214, F1 TOHEESAELET 5mm/E, 850°CIZFH# L, F2 TE F% 50%, =
—/VJEIE 150mpm OJEHE % Fffi, FRERTIE 2 EIERENAMCERE L 7o 5 O R TR L
A K REGEIOMN A COREZ & i Uz, BB IREIIF2 JFIECOM TR L VK
40C LR L% . 2mIZE > T2.mm/EORE 2 130 CHEI S N7z EHEE S b, [AERICFig. 2-9
I3F3 AR EEONREFTHE LI TH D, ZOr—ATiE Smm/E, 840°CIZiHE L7-RAB A
#F2 T 4mm, F3 tHIC 2mm & 72 5 X 9 IZJEAE L, F2-F38 Rl L OF3 il cam LT\ 5,
F2. F3 [Tt 4mm/EO5ER 728 S0 CHEI S 7=, F3 Hlom A, HEFMEL YO FiRE
AWK INEH~y X AR LR TH Y | Fig. 2-9 F O 2mm/E T 185°C DIRFERE T 132k
BEOMHARR ZRT HOTIER, AL, BEEE L LTIE 400C/sEh ETh o 72 Z L iTFA I
%o BNZATo 72 1.2mmEM OHMHAFEERIZIHB VT, IRERE T2 MA R 7 L —E R fEIR O #il ke <
BrL7=& Z A, K 1000 C/sOMHAEE ThH D Z & ZERTE 72, ZORENDFIR TRO 7B A
Kl OBURERITH 6000W/m2KToH 0 | KIZEMHIZI T H 600°CLL ETOERZEREN
1200~2300W/m?KFEE & SN TV BIDHAR 3 fFTWVEGHIGEL S 2 5,

728, F3 HMABIEEIL F3 24 RICHE S S0, BEOK B~y X0 bEN S5
JEAKIE, B ICHEZE LRI EE 2N Ce— L E TELGEAICHEFS LTS EEZ BN,
JERED% /3 ENBHARIR R At 13IEIE 0s 1TV, (L RGN X A% HIE. EEAEZRIC L A6H LY
BB Z L b BB L, EEKE RN E A HEYE (O BRI AR T O WP S B L CHEE L TAt
<0.05s] LFKFLT D,
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1000

F2 rolling O Measured without cooling
| I Estimated without cooling ||

§ 950 l (F3 through) ® Measured with cooling
~ 900 - Estimated with cooling
g TO-O-
= '\,O A O
P \ -
8_ 850 Q _____________________ ‘ ——e ,\ O
5 \\ \
% 800 Cooling effect A130°C
= \-\ v (Thickness : 2.5mm
&é_ 750 Q. ) Velocity : 150mpm)
wn -\'\.‘

700 1 1 1 L 1 L 1

0 1 2 3 4 5
Time (s)
Fig. 2-8 Ability of inter pass cooling
900 ;
F3 rolling ® Measured with cooling

—~ 850 R Y _ | Estimated with cooling
£ ¢ b T
2 800 |
® F2 rolling -
S 750 __Intter pass cooling
g- Inter pass cooling effect AM85°C
2 0 (Thickness: 2.0mm
$ 700 effect ABO'C \ Velocity : 300mpm)
£ (Thickness : 4.0mm "~.__’_v_
5:;;_ 650 Velocity : 150mpm)
%)

600 " 1 " 1 1 1 " 1

0 1 2 3 4 5
Time (s)

Fig. 2-9 Ability of after pass cooling

(2) EEEREDEZERE

IR AFIZ A ZEE O AT K0 IR O FHHE rTREHIFH 2 KIGIZHER CTE 72728, [EIETOIRE
FRAPEERKET, EEELEOSEM: T T F8 HANRE 2SR LI K IE T 8%

AR 1L Table 2-3 ICHA % 7~ L7 C-Mn i Toh 5, f1: | 3 XA (F1-F2-F3) D[+ T # % 50-50-55%.
£ EME % 1.0mm, F2-F3 /SARJIFH]%Z 0.6s T—E & L, F2-F3 2 OFRMEEAERT5HZ L TF3
JEIEF TR 2 740°C., 820°C. 910°CD 3 KUEICE L EHT-, FNENEIENTEEEEE ST DK 100%.
#9 50%. 0% It Ly K 100%HE S ik 2.25mm JE T 170°CLL EDORER TR H 726 0

EHERI S D,
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Table 2-5 Experimental conditions for rolling delivery temperature
Ttem Conditions

Finish rolling | Reduction; F1:50%, F2:50%, F3:55%

Finishing thickness: 1.0mm
Pass interval: F1-F2:2s, F2-F3:0.6s
Delivery temperature: 740, 820, 910°C

Water Cooling | Device: Inter-pass cooling, After-pass cooling

Rolling-cooling interval At : <0.05s
Rate: 1200°C/s
Finishing temperature: 650°C

BoN kO SEM BE% Fig. 2-10 (Z~7, F2-F3 MIEH 2 ¥ 912 F3 HANREE D 910°C &
IRl r—ATIE 7 =74 MRIERITFRET 2.3nm TH o 7223, F2-F3 [T lomEIN L F3 HANE
JE% 820°C L L=/ —ATIIHEET 1.3um £ THRAL L, 572 ITIZIEEER. CH -T2, —
77, F2-F3 MIZ T X VWG EIZATV F3 AR 740°C L7~ 72 r— A Tl BB
INTARRR & 720 | 14 JEIEA_A A RR U DMk E 7o o7, Sl CHMMe 7 = 7 4 MRk Z S
L7 @ F3 HANRE RS SFE L, REEOHAIZEN 820 CfF TH D Z & AR T
7o ARERITFIEREORERAE L LT T EBROREHITH Y | il F3 HANRE 2L K&
ET TR A DOSEFE2 AR, EFERES. F2-F3 BIEE) 2 ZH 4 5EBRBIT-7-28, MU T F3
AR 800~830°CHliPH Tl HIMAI N DZHEHID 7 = T 4 MRIBF LN DAER & 7207z,

Delivery 740°C 820°C 910°C
temperature (without inter-pass cooling)

Surface

ND

RD

1/4
thickness

10um

> £ Ad v; - 3 N\ \'_ 4 3
o (».;..-n«.-.,,.-v ¥ P:'X e A5 5, ' '\"lw"f

Fig. 2-10 SEM micrographs of rolled and rapidly cooled specimen
(red.:50-50-55%, F2-8 interval:0.6s, At<0.05s)
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(3) F3HAIEAEFELEEDFERE

tt k8 XA (F1-F2-F3) DE F# % 40-40-40%, ff EAKIEZ 1.2mm, F2-F3 /<[ % 0.7s T
—E & L, F3 HEWmIZBIT 2R~y ¥ a4 25 2 & camEhiiE%Z 742°C, 707C,
661°C. 628°CD 4 KIEIZE(L W7,

B o -Hko SEM 58 % Fig. 2-11 (277, 661°C F ClIAums IR MR T SRk b 1
Fr, 628 CTIE 1/4 EEBIZA T4 MEDA RO 5, HBHEII L TH2R0 1/2 [EETH [RBRIZA
A A MBI R S 7z,

AAERIZBWBEILEEOZEREL U TTo 1 EROMRKRHZN, MOEBRERLAEDED L.
W72 7 = 7 A MEEERS D 72O OREIRE L, AMFEOL AT 650 CHIETH -7z,

Table 2-6 Experimental conditions for water cooling finishing temperature

Item Conditions
Finish rolling | Reduction; F1:40%, F2:40%, F3:40%
Finishing thickness: 1.2mm
Pass interval: F1-F2:2s, F2-F3:0.7s
Delivery temperature: 800°C+10°C

Water Cooling | Device: Inter-pass cooling, After-pass cooling

Rolling-cooling interval At : <0.05s
Rate: 1000°C/s
Finishing temperature: 742, 707, 661, 628°C
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Fig. 2-11 Influence of water-cooling finishing t
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(4)F2-F3 NRA[EFEH K UVETEDOLZERE

F2-F3 fild L O F8 HlGm & ViU, KE TR EELE COMBA LR E 5 & D 2 &3
220 F3 HAREEE 3 K OV s LI O i e & WREIC 72 o 7o, [RIRFIS, T2 50%, F2-3 /XA
[ 0.6s TEEH T lpm [TV S O 2 b Lo, 2 THEARL/NAM
IRF [ DR & FE N SR O fOB i 2 PR3 2 B A1T - T,

NRAMFEW OB L, 1t E 3 /SA(F1-F2-F3)DJE £ % 50-40-50%, 1L ERE% 1.0mm &
L. F2-F3 "2 [ % 0.17~1.0s O#FFHCTEE L7z, F2 OEFHE%E 50% & LIZEBRHIT-> T
DI, FERE L TA0%DHBE TN 5 X R L L7=D T, 40% CTORER D HRT,

JEFROPEREIT . F1,F2 OF FEEZNZEI 50%, 40% CHEE L. F3 OFE FEO A% 30~60%
DOFPHCEE Lz, L EREZ 1.0mm THiz 572 OICHIELEDE FREZL 2 T, F1 AMUNIE %
L TWbD, F2-F3 S AMIEFEIIL 0.17s T—E & L=,

Table 2-7 Experimental conditions for F2-F3 pass interval and F3 reduction

Item Conditions
Common For pass interval For reduction
Finish rolling | Reduction; F1: 50%, F2:40% | F3: 50% F3: 30~60%
Finishing thickness: 1.0mm
Pass interval: F1-F2: 2s F2-F3:0.17~1.0s | F2-F3:0.17s

Delivery temperature: 820°C+10C

Water Cooling | Device: Inter-pass cooling, After-pass cooling

Rolling-cooling interval At : <0.05s
Rate: 1200°C/s
Finishing temperature: 650°C

SO Mo SEM E % Fig. 2-12.Fig. 2-1312, 7 = 7 A MR Z K L =458 % Fig. 2-14,
Fig. 2-15 12”7, RifRIE F2-F3 /S AR L 72 DI EM< 720 HESRMETH D 0.17s 12
BWT, RBEFMITIEOWZ lnm BT OBMHRIAE bz, F8 OETREZZEE LGS,
30%~50% DHEH TILE FRNBEIE EMKAL L7228, 60% Cld—iiz L CHKME L7z, JE %R 60%
TIEL, INTRENRKE NGy, EIEASA N CTOREITED TIED > 7213 T 720, 50%+E T & T
Z DN RITILRT D L 1FTE 2T < M EOBRIZIIARRAL R b D,

BEL T, NAMEEMAELS . ETFEIREWE, IMLOTAOEBPERMRLICTE LB
2o,

26



Pass interval
(F2-F3)

Surface
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1/4 thickness

40%
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g 10 —O—-Surface 4
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Final pass interval (s)

Fig. 2-14 Influence of final pass interval on ferrite grain size (red.:50-40-50% )

25 . —O-Surface
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Fig. 2-15 Influence of final pass rolling reduction on ferrite grain size (F2-F3 interval: 0.17s)

(5) It LEERIA—RTF 14 MEBOEZEHR

IR OFRERR TIHE EEIELEDE T, MHEEDOIATE R LTV, £ OHIBRE O/ERED
WELMET D20, M MEILEDOFMEZER T 2 BRZ1T o7, IENERE - KefilZ 1000°CT
1hr(&#E) & 950°C T 0.75hr D 2 /K#E, MFIEDKRIE T4 81%FEHE) & 86% D 2 KIEAFE L |
KEOHAB DI L, MIEIESREOARER Uiz r—2 L A - HUFIEDO W2 B F L7
—AZOWTHE L2, ZRENDr— Ao T, HEEE TTREZ Filf L TAH— AT F A k
AR LREBR L | 20ROt EFIE, WEIE CRBAMKGE L CT7 = 74 MERRZ 2555 &
XETTIT > TV D A BIEIEIT R B RIS D < 72 o 7o £ T 3 50-40-50%., F2-F3 /N X [ R§fi] 0.17s
T L7,

fE ERIERTO A — AT A ML, MHEEEK TRICERE TOLMTRANL L TBE LT,
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Table 2-8 Experimental conditions for austenite grain before finish rolling

Ttem Conditions
Specimen size | 35mm,50mm thick X 50mm wide X 70mm long
Reheating 1) Temperature:1000°C, Time : lhr

2) Temperature: 950°C, Time : 0.75hr
Rough rolling | a) Total reduction 81% (35mm—6.7mm, 3passes )
b) Total reduction 87% (50mm—6.7mm, 4passes)

i EEREFT O A — AT A MR &AL EJTIE - mER O 7 =T A MO EE % Fig. 2-16~Fig.
2-18 1T, MEREDHE FTROMIMZ LV | MELEE L FEERTO A — AT F A MBI RET
T 30pm 5> 5 17pm ~HIRI L3 2 23 xfii 3 D BIRAE - EE O 7 = T 4 MRIZRIZZEINZ40.9n0m
L 1.0pm THY, 1FEAEEMLL TR, S HITMBAOKIR, ERFF L T BEERTO A — A
TFA MRz 10pm £ THIZNS LTH, RITVERKIR T =74 MRRITED LRV, 1/4 JZHT
HEAIIEFE L TH 5,

Surface 1/4 thickness
Before finish rolling AN e

Heating: 1000°C X 1hr n"
Rough rolling:
81%(35—6.7mm)

20pum
After finish rolling
& cooling
ND
L ]
10pum 5 a

T e

Fig. 2-16 Microstrucure of before and after finish rolling
(Soaking:1000°C,1hr, Rough rolling:81%)
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Fig. 2-18 Micro

structure of before and after finish rolling

(Soaking:950°C,0.75hr,Rough rolling:87%)
g ’ » g g
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JE FE AR (VR i B ASEAE L JERERELE 2 6 ORs & 3206 L C b EAE AR 2 @l & v
FLRLAE U AR & AUTEE TILE 2 OFSERI /R L7 @ lRiifk, 1/4 12, 122 TIENA 4 b E
KO, & 72 o7, T bS5 Wh7e 7 = F A MRS S 72 O ITELE AR Y 820°Cir %
DFAETHY . A DAesst 818 CITITVVRE & 72 o7, B L ZHITHRAE S AERTOBHENZ X 5
BEKT L, RESATOMIRBC L DIEE FHOKRTH D, Fig. 2-19 124k BIEE 3 /XA
DIREIACDOFREFPZ 7~ T, 3 7SAJEFEHRIT 50-40-50%, ik S AR 0.5sD6Tdh 5 A3, #ix
S ABERNRE X —FFIZ T60CE TR F L TWA EE X DIND, D7 — A TIXEPH 7 = 7
A NRIDFG D ALTZAY, KRR & 72 o 7o EIE HAREE 740°C D & — & TIX AR B X IR
680°CHIT: & B 2 B AL, IE/SAFNTT = 74 NERERA U lREMER @V, BIOR 2325 &
TIPS B 7o HNEEE 820°C D 7 — X TIIEM /S R ERT ORI A — AT T A Mol & X
Lbivs,

950

900 L 1stpass 2ndpass (T 3rdpass
) v
- 850 M = ! “'."/ ...... Ae
o 800 - ®
5
© 750 |
o
£ 700 t Calc. Experiment
2 650 | —— B With interpass cooling

O Without interpass cooling
600 1 1 1

0.0 1.0 2.0 3.0 4.0
Time after 1st pass rolling (s)

Fig. 2-19 Specimen temperature during finish rolling (red.:50-40-50%, F2-F3 interval: 0.5s)
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PNTHA~FIE T 30~40CRE S, ZOBRBEEATH LB OGNS, LV IKIEEIET 5 K8 T A
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TONRAM 28IZEHE LTV 72, B 1 S AOEEIIFAMIZIZTTE TWHRW, A—ATF A b
MR 23R L TH D ERIEER 1sTIEIE 100% D FFEmNE L Wb D EHEE SN DY, £
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FRRAEIC TS L TRV, 8 2-5 3 S A TIIEMEMITE TETOTHOEE, EENELLD
DEBEZBND,

JET=RDOE R D88, S AR O 72 2 8054 &R T2 03, AR W FZEREEE & 0 DR Rk
TlL, ERCORIRED RN THoTo, AR THG L LIz 7 a - AR TR, 2 A [ R G 134
HEOHEINZ X > TGN TWD 2D, JE NI, & MRS E IR X2 38 TR o

ZEFET D, ZORDIZHEIEOT AOFMIC L MR b RS, BE EFRIC X 2AOERTH
DREEMHZA SN TS BHRIZSH D, Liznd> TRE LR ZMET 5/ A M, A% O EE % 1
ST AR, MR LR Z SO DD ATREMEN H 5, FFIEIZI T AR OIRE BTN TR L
0= L ~DFBAD N T U ATRE D720, a0 — R EREDRIZE > TEL L, Fxica—1
B RE TIIZEMIME N K E < Ao THREANE /20, BE EFBAARIH SRS, Zhic X
S THHBALEN R E B LD ATREMENR S 5,

th EFEIERT DA — AT F A Mk AN 35 2 & THEEEIE - BEI% O 7 = T A MifkE EIC
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B2 7 = T A4 MERIZITIZ E A EERE)N ST, fEE 3 XA N—F LT 8BUDET%
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2.5 BRI ASEEH 7 0t X (SSMRE) DAL E 1+ 1+

B NAIZ RARKETHIE E GEHBH A G DOEZ 7o 2282 L, ERELECIIH 575,
FEPGHIRLE D BEIZ B L7z, TR0 Nb 72 EDOB@ o 2 — U153 £ 72 0 BURHLAE <, boigery KM
DR ZRECE - 8ix, HRVESADRRTEEE XD,

RE 7R 2 G TE 500, JHERRITITRERF O R S 03 I#) S22 ke 2 H A & diem
HaX—RL 7oA THLEOT, REAFEICZOEERMTXAHIMNTE EE 25, ERRIC
PRt 2 900 CLL EITHNEN U RIFRICREF L7212, /S A EIERS KOG HI 21T 9 £\ ) mUClE, &
AR LS F DO SEMEE T 1 v L EATEREIXRI U CTH DM, KT mt A%, a) EIERKE TOBEEN
ARET. bk S A R O R R, oxx@%ﬂ%;w@%%ﬂx%o%&uwwg7i74
NERESE T E TO 1000°C/s LD RIS HI % O ml TR O BERAT & 1T R E < R0 KR D),
OIFIMICHZ AL WL o e R e S 25, ZOH 7 vt A% SSMR(Super Short interval
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BB F TIT, TERMZE L U CTHIE Tk~ 7z f BT OBE < V3617 D MRIal s St & |
B 72 BGIE X L C O HIERELE S D — 1 & 2 SSMRE: M & kbt X8 CTTable 2-9 IZE &7z,
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I XV DOFAITFREZR IR O STk B iAo 7oy, —EITHEEE CThH D, FILIVO%E 3 X
Z v RITIEIETIC I —T 7+ — VB HBRH O | BEASA%ZLEZ 5 0.1sANICIRER T
S50 CREE OB MM THONTND N, ZDO%D T00°CLL T £ TOHANT I L LD b LAREL,
SSMRIEDJEIEL G L 1T e Be b,

SSMRE L, BARIEIED e Befs & e < MANCEET 2 0T, 20 B TFETh 5 ik A
7 T OENMED D HELEE TIZOW T, ABFE TIEXEH T 0 A2 O 0ICEELT-OHRTH S,
B LA B 7 BRI W T E 21E. SSMRIERTD A — 2T F A MR ERE DO HE LR &
B\ EFIERTEE ORI Y CThIUE, Bk TRICE LT E AT ORI NEEZD
b, Fig. 2-20 (CHEVESEENEIIN TR T 7 v 2 AW CEHR L7 BUEH: EJEER O A4 — R 7
FA MRIEEALO Z 8T, SSMRIE CTHFGHIKL Y = 7 1 MEREAE SN ORK 3 A FIEDHE
AIOA—ATF A MR, Fig. 2-16 (/R L7 Y 35umTH 0 | WA S OFFERERIC X, 5%
fE k6 2 2 X2 BHERTORAIZIZITE LV, BROEY SSMRERTDO A — AT F A MIRERDE
BTN L, BERBERIID T VERERTZ20N, 7ol ZIXFEREYEE EI VD 2 A% 2 KL
D7 1t 22 SSMRIEIZHE L Z iU, BRGSO TEAENEB S5 Z LIk D,

Table 2-9 Comparison of rolling conditions for grain refinement

SSMR Nakayama’s Mill Conventional Mill

Rolling reductions at | 50%-40%-50% 40%-44%-43% 30%-30%-20%
the last 3 stands
Final pass interval 0.17s 1.6s 0.5s
Inter pass cooling A80°C AB0C Not applied
After pass cooling <0.05s 1~1.4s 0.8s

Start time At (except for first A50°C)
After pass cooling 1000°C/s 43°Cls 100°C/s

Rate (to under 700°C) (except for first A50°C)
Grain size 0.9pm 2.2pm 5~6pm
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Fig. 2-20 Simulation of +y grain size and dislocation density changes

during hot strip finish rolling®
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Fig. 3-1 12 TEM BB L 07 = 7 4 Ma)F OBEVERKE REE RS, RGO 7
Tz TA MRINDIRY | M E L TEAZA MNO)PRIARED D VTR =B RUSHTH LT
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Th Y KEBIIEWNCLZE R E B 2 DD, V2 JEEITIEA T4 N(B)DIRIEDN R S,
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Surface 1/2 thickness

TEM images

3 i",{t;,’l % 0.5Hm
C% in « grain 0.006mass%

Fig. 3-1 TEM images and solute carbon concentration in ferrite grains
of specimen (Steel A) manufactured by SSMR method
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Fig. 3-2 Misorientation maps and inverse pole figure maps of specimen (Steel A)
manufactured by SSMR method
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Table 3-1 Chemical composition of specimen (wt%)

C Si Mn P S Al N i Aes
Steel A 0.15 0.01 0.75 0.020 0.002 0.022 0.0022§ 818°C
Steel B 0.10 0.05 1.11 0.018 0.003 0.017 0.0035§ 832°C
1000°C
e 900~950°C
Rough roliin
& g 820°C
N T(Aey)
Finish rolling
650°C —rm~0w
(lRT)

Fig. 3-3 Temperature condition of experiment (Typical conditions for Ultra-fine grain)

Table 3-2 Experimental conditions (Typical conditions for Ultra-fine grain)

Soaking R1 R2

R3 Fi F2 F3 |Water cooling

Thickness

35mm 25mm

13mm

1.0mm

2.0mm

6.7mm | 3.4mm

Reduction

29%

48%

48% 50% 40% 50%

Interval

(1hr) ~60s | ~10s

~10s ~30s 2s 0.17s | <0.05s | (0.14s)

Temperature

1000°C

950°C 950~9

00C 820°C 850~760C 820°C | 650C

Rapid cooling

On |On (1200C/s)

Table 3-3 Experimental conditions for microstructure change in C-Mn steel (B)

Item Conditions
Finish rolling | Finishing thickness 1.2mm
Reduction F1: 40%, F2:40%, F3:50%
F2-F3 pass interval 0.6s
Delivery temperature | 800°C+10C
Water Cooling | Finishing temperature | 650°C ~ Room temperature
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TOMBITIATHO L O LR L TH 5, V2 EF TITHFRO RN~ VT oA MIfEE AT,
—HICHTH L CWDE 7 =T A PRI TTDOA— AT FA MRORFICECTZbDEE X IHA—AT
T A MRLZHEE U7 R 2 IR Trd, [HA— AT A MRLASEIE S IS & L7l TR C
ol Z ENGN D, VA ERIL 12 JEMIZH T L7 = 74 MRDNZ <K 50%% Tz, £
NTHREB, HA—AT A MRBEETHE L TCWEMSZ R TEND, ZNHITx LERBT
ITEKNT7 =74 MR E 720 . ZORRIL 650 CAMEILETHELZLOEFLT 1uym L TFOME
WORERL & 72 o 72,

Water cooling
finishing 650°C Room temperature
temperature

Surface

N

RD

1/4 thickness

1/2 thickness

10pm

e | o= 2 — ol

Fig. 3-4 SEM images of quenched specimen (steel A) manufactured by SSMR method

FE B &2 H\W TR BIAIEE At 2 LI-RBRoON, S EIRIERE 650°CT7 = 7 4 MR~
D2 A LT fE 5% Fig. 3-5 12”7, %72 Fig. 3-6 I DM G EZ =T, (@Q~ODE 5%
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Fig. 3-5 FIZRL L=/ 5 & b é’e‘fk\é 7 = 74 MRAERITEMITHIRE A ORMHIR L4 il
ELELDOLD B REDST2D, EIZF2-F3 AN 0.6s E RN EDREEL TS &
B2 oD, kit iAumW9;%w¢é<ﬁD FEIZ 0.05s TRBHNBEE ITHAIE LT,

Fig. 3-7T IZIX=RIEE TR LEMBEE A2, V2 EN TIX A IZh0vb b FIRIFHMSE RN~
NT YA MBS AN Oz, IHA—AT A MRIEHEE L7 fE R 2 KPR CRd 3, 00k
DIHBA—AT T A MRBFIEF R E LTI TR CTh 72 2 &35 nn5,

FRBEIL 12 JEFIC e~ U727 = T A BRI Z < VFFIZ At 28 0.058 OGEIZITHEE BA LT
RN 1.3pm BREOHM T = 74 M CTHD bz, F72 At=0.3s ORJE TSNS IHA—
AT F A MR bpm FREOEHR T, JEERICHRE LT bDEEZDBND,

35
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Fig. 3-5 Influence of At on « grain size of specimen (steel B) hot-rolled
and rapidly cooled to 650°CV

(3)EBE

FREOMEE LY, SSMR LTl b LR DN, 1/4 BE~1/2 JEHIZE L T, EIEHIX
EA—AT A NHEMHT, BRI LA —AT A MRS 72T A4 Fﬁﬁ? 71’60)’(3?)57
PERE, TEEN LSO TV A M LOTRIC L > TEBEICEASNIEBAERT A b O
TREZ FEAR & LT AR LA, & 5 2 D, At OFEAEIZ X - TR EA 2B R IT O A O [ 2340
flEnizieh B2 6D,

KIEEHTITEENH 7 = 74 MRk E o722 S IFBBREWRERTH D, IBA—AT A Ml
MAEBETEI R o7, 207 =74 MAITEIEF N HFE L T RIS ETE 7220,
Fig. 3-4 X°Fig. 3-7T@I/RT Y . M LOEBN RSN 2WERRL TH D 2 LD, &/ SRR
R DAFAE L TV EIEB 2SS WA, JEIERTN S D7 = T A MRS IS Ffbdh L7z, i
NINDRFFEE HEIED-D LT 5 & 9 ICEIRZAERBIC K » TAR L7 aTREMEIZF% 5, {B.L . Fig. 3-7(b)
WRTEY 0.3 ICITRIR bumfEEDIHA—AT A MRNRAOLND Z D, b LEEERIC
ImfEED 7 =T 4 PRITHOD LN TW2E 5 & DT H 0.3sDMIHM 7 = 7 A4 MRidd4— A
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T A MTHERBL, HOobumE THRELZZ &IZRY | MO TEZIT W,

RIZ Fig. 3-7(b) DRI sum FEEA— AT F A MRUIA— AT T A FOF £ THIERIC M L
b0 ET 5, Zhk Fig. 3-7(e) L T % & [EREH 0.3s ORIC 1/2 JEFTldA—ATF A b
DFFFEERME Cle o ToDIzx LRIEH CIEAERmAE Ule 2 L1272 5, R R ITE TR
[Zu—/L & QBRI X A MAIE AR OT ZB AL -0, F& LTI FERER (et 2 EREIC
2o TS EBDILD, At =0.05s TEIGH O AIEITHRALT 28T, Z oSl ki &
OAIFREET T3 B [ SRS B D | At =0.05s OJFIEE K EM M Z S 2l 24558 & LTl

MG O ND EEZDBND,

Surface

ND

RD

1/2 thickness |

Fig. 3-7 SEM images of specimens (steel B) hot-rolled and quenched?
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3.3 BB A REDOEBFAE-2 Ni-FeERIZTLDA—RTFH A MABET
IEDRAE

(1)%EL
SSMRIEIZHT HOT HDOEME, [BIE., kiR EE 28153 U, EMGEIROERE O B EoiétE 2 B &
T HHMT, E7 VA4 L LT T0Ni-30Fef 4 (70.3mass%Ni-Fe) % H\W\ 7z KRt 217 -
77. TONi-30Fe &3 =L F CTleclENLZETH Y . TOREBXRMT= /L F—L, C-MniD 4 —
AT FA MEOFEB RV F—LRAFTHDL EHRESNTND, LA ->T, C-MndldA—
2T F A NETOEIEARRIE RS O S EEBH 2 BB T 2 DI MaRET 164 L LT
HHILTVNDHOD,

(2)Ni-FeE£DRIEZEFDHE
C-Mn $H(HFE A) & TONi-30Fe &4 DRIEHILEE Z s+ 5720, Fig. 3-8 IR L L H I,
MTL7 d—~AZ % HNT, NAMRRZfE A2 2 LUz 2 BEMBRAITV. 1 BEEREE ok
DAL B #RALH %f.ﬂ‘-fﬂﬂ L7z, i A @ 820°CIZI 1T 24 L # AL L, TONi-30Fe 542D 900°CIZ
B AHALEE L 1FFFETH D, LB -> T, #ilfE A O 820 CH DA — AT F A Mk TOENL
ﬂ%é@%@:ﬂ:ﬁ%ﬁ X, TONi-30Fe &4 900°C COFIETHILTEX HH O Ll L7,

1000

60%  20%

1.0
! ‘ 0.8 | 70Ni-30Fe(900C
S ' !
' . -‘ >< II
Holding time 2 0.6 ;
0.01~100s T . ;
o> 0.15C-0.74Mn(820C; k
0.4 ,\
C 1
cc ............................ _.CI_)‘ 1 . C
= /! 70Ni-30Fe(850
g L D IR LI ((/3) 0.2 K t e( )
Q& g
- a _ ]
? X=(6,-6,)/(6,-6.) 0.0 |
¢ TpIR e 0.001 0.01 0.1 1 10 100

Strain Holding time (s)

Fig. 3-8 Softening rate of C-Mn steel and 70Ni-30Fe alloy

determined by 2-pass deformation test

(3)Ni-FeE£IZ K D EEHER

C-Mn T OMARAGTER & [FEEO FINECEE, SmaBRa1T o7, RBRA Z471E 1000°C T
B - BJEARALER U CHUEIE 2 #R 7%, F2-F3 /S A[WFM & F3 HIAREE &2 285 L7tk EEIEA 1T,
EiF TAK L, F3 HNEEEIZ >\ TiE. 900°C % 5 #ElC 800°C., 700"(:9:1&? SHEHBED
A, F2-3 S AWML 0.17s ZFEYEIC, 0.33s, 1.0s LIER LIZBA DR 2R Lto
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R ORI, 12 JFHE ORI L, TEM 85Ik Lz, S 512, ENEhOEAIZHD
W T X MR GHEARARAT. EBSD JIE A 17V, C-Mn SHEBGIRIEN & D % IGBIFRIZ DWW THENT 21T -

7o
Table 3-4 Experimental conditions for microstructure change in 70Ni-30Fe alloy
Item Conditions
For rolling temperature For pass interval
Finish rolling | Finishing thickness 1.2~1.5mm

Reduction

F1:50%, F2:40%, F3:50%

F2-F3 pass interval

0.17s

0.17s, 0.33s, 1.0s

Delivery temperature

700°C, 800°C, 900°C+10°C

900°C+10C

Water cooling

Finishing temperature

Room temperature

572 T0Ni-30Fe DY FHAMEE G E 273, F3 HAREE 2 800°CLL F DA, BRI
A R T oIk L, F3 HAREEDY 900°CIZ72 5 LIRS R B /2 0 . — BRI B SRS
D BT, 800°C & 900°C & TITMMIZEGRFE 2372 D Bipo Tz B 2 b, F2-3MToM
WELDENDOHR/2 DT, F1-F2 /XA D 28 [ TORECHAERZEE S Fe > T ATREMED &

AN

Delivery
temperature]

700°C

800°C

Surface

ND

b

1/2

thickness

20pm

Fig. 3-9 Influence of rolling temperature on microstructure of 70Ni-30Fe alloy specimen
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Fig. 3-10 (2% F3 HAAEEE 900°C D 7 — A TD TEM R B D — 6 2753, 2 AR IS H0m 7
HR B L% ERE L, SIS TSR TR b vz, SRR VY A XIFFREEH T 0.4pm, HE
G 1.0pm, FREARRIY A RIXEEE T 0.6pum LR, AREHFRET 1.3um LR CTh o7, 7
b, AR LRPERERLO YA X%, C-Mn SHGEHFE A) THE S NIZBHIEL 7 = T A MR &IE
IRZETH o7,

Fig. 3-11 121X F38 AR 900°C T, ek AR A28 L 7ZBROREH O TEM B B4 2 7~
+, EREIC SRR SR 2 et b DDEEN B LA IR E LM TH 0 . SRR EL 225
(ZREWVERALE LM L35 2 & D3RR S T,

Surface

1/2
Thickness

Fig. 3-10 TEM images of 70Ni-30Fe alloy specimen hot-rolled at 900°C and quenched

Pass interval : 0.17s Pass interval : 0.33s Pass interval : 1.0s

Fig. 3-11 Influence of final pass interval on microstructure near surface of 70Ni-30Fe alloy

specimen hot-rolled at 900°C and quenched
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Fig. 3-12 (2. Ni-Fe&4:3 L OC-Mnil(BAFEA) DEJEHET & 1/2 JEERIZHOW T, XEREHTIC X 2 i
SUXTAE 2> B B EHE L RO 7G5 5041 B%(ODF) D @2=45" Wiz~

TONi-30Fe 54 1/2 JEFIZI110<112>3 L OM112i<111>% F 500 & 3 2 Mg R o [ IEE A
AR L TWDHOICK L, FEHIZ001I<110>0{1121<110>03 F HAL O R R A Sk & R LTz,
I BITHAMER 2 = T Ga I 26k & BRI —ET 5910, —J5 1/2 J&

IIEETROND D, RGO EHTH H{001}<100>DFREE T/ X0,

C-Mn#f D 2 J& 58 O 4% D T 5 A 131103<112>F8 L UM112)<111>~{113}<332>IT 5 I /77ET 5,
£72 12 EEHOFEHALE10015<110>, {112)<110>~{113}<110>3 L M332}<113>U1E Th - 7=,
T0Ni-30Fe&& DEA M & . C-Mndlil D Z etz A/ & 13 Kurdjumov-Sachs(K-S) BRIV T
A bivsd, EORfR%E Table 3-5 12 % & 97,

Ni-Fe alloy(y ) C-Mn steel A ()
01 P
¢I' 0 Kllbg I¢ v ]
Surface (>{1 2} g b @@
@
h’ hq’
1 1
1
1/2
thickness
;:@32@
gz T | |poyd) O

Fig. 3-12 ODF of 70Ni-30Fe alloy and C-Mn steel (A) manufactured by SSMR method
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Table 3-5 Kurdjumov-Sachs orientation relations between austenite and ferrite

Texture of Ni-Fe alloy K-S Texture of C-Mn steel
(Austenite) relation (Ferrite)
{001}<110>, — {110}<112>,
Surface
{112j<111>,
{112}<110>, —
{113}<332>,
{332)<113>,
{110}<112>, —
1/2 {001}<110>,
thickness {112}<110>
{112}<111>, —
{113}<110>,,

(4)BE

7T0Ni-30Fe 4412 & 5 F3 AR 900°C R CTOJELE (X, A — AT F A MEEZE(LD AT C-Mn
FEHFE A)OHAREEE 820°COJEEA IZIFHHE TE TV e B 2 b b, JEEOOTALEEIC L -
TA—ATF A FRINITEENLE VSRR S v, F2-F3 /S ZABFR 2N BV ME EZ D' L3 A X3
fb L. 73A[ 0.17s TIXIXIE 1pm VoL 2o TWD Z ER o Tz, T OHEEALE L, b
FINAR LIIRIER Y A XA OFEFSEERIA, C-Mn T 1um OB 7 = T A MR & B2
FBLTWDIETTHD, T7bbH, C-Mn Sl CHONDBEMA T =74 ML, I LA —RZ7 F A M
DFSARERAL B /L ET NI FAS da A — AT A MLORL R AL E R A N LTE B RE TARS =D D
CHEES LD,

X REPTC L 2 E A MBRA ORE S, T0Ni-30Fe 54D A — A7+ A MAfko EI747 & C-Mn £
D7 T4 FHEEOEFAIT K-S BIE CTxHEST AL, TONi-30Fe &40 A4 — AT F 4 kT
C-Mn lOEREERIOA—AT A M EIZEIRIC LD EEZ LD, L2 > T SSMR ETO
JEREM AR E BT OMRRIL., RSSO T A—ZAT 4 FMEMETH O . 1/2 JEERIL, BURIAY 2 F i
HEOHRL, REMITBRNEAMER 22T/ ThH D Mm-S 2 enTE 5,

3.4 MMM AERBBOT LD EER

INETORMKZITIT, SSMRIEIZ K D C-MnflO#EHGH 7 = F A MRLO TP R (2o TR EL
T %, SSMRIEDFHEIE 3 /X RHEHED KIE THELE & il /S A B (<0.058) DAes SfF i D 7 = F
A M RSN OFTERE (72 & 2.1% 650°C) £ T?D 1000°C/sLA EORHMEANTH D, 3 /S AJEIE
ERTDOA— AT F A FRLE 30~35pumFE/E DRtk T, 2 AUTFEREEME X /LA B IERES O R~
T B DOAEFRIRAE2 & 20 5720, SSMRIEDH; 1 NATH0%DKETZMA D &, H 2/ 3AETD
2sfH] TIRIF WAV R BREGE CA— AT A PROWHME S T, ZHIIFig. 3-8 IR L7z 2 B
LR DAL ZEE 7> & HHERI T & 2, Mk TRIFHEIDIC IX, 16~20pmfRE ORI L 72> T D
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ATREPEDNEIY, B 2 /XA TH 40% D KE T 21T 5 7o oI B8 & FfEfm 0 LTI 7208, /XA fH
R 28 5 2 & TH 3 NABROIMEEN S E VML B L THhD Z &b, 5 2,
%3 X AMTOEIE & RIS LVEL TV ARWEE X b b, Fig. 3-8 Dfffb2EEh)s 5
HENDIRE I D, 56 3 /N AWK IZNT L > TREEEDOA— AT F A MRICH 72 58-I
INZ B, EIEE % E & AN aRER F (Fig. 3-4. Fig. 3-710 1/4 &, 12 TR O X YT K
<FREZETE L, B> T0Ni-30Fe &4 itk A (Fig. 3-10, Fig. 3-11) THEIZL S iz X o ISRk
RN TNV EATHA—ATF A ML 7o TN D, JEIEEEZE D DEFRGENC LY | Z Dt
NRF—AT T A MR E AT A & LIZERENE UMM Y = 7 A4 MRS ERINT &5
265, BEE ANRBROM R, REIZIEIE 100%, 1/4 JEE TR 50%, 1/2 JEETH 20%1E~ /L
TUYA NMNIBRLT 7274 Felpole, TRHIEFAMHPICERE LI EEZ B, 650 CHIITA
W% (L DIEHERMFTIE, 72D O NRAWEILZICAEREL TV IXT Th s, amiEIbiRE 2%
WL 7B (Fig. 2-11D) TE RN 628°C LKA X 7215412 1/4 i C_A 4 FINRIE LI-FSR)»
bbb ZENNEMTHND,

B & AFLRFD 820°CHEIR(0°C)ETOMAENIM 0.8s TR T LTI, TN THLER BB LDV
14 JEF T 0% ED 7 =T 4 MBAEK LT, 7 =T A4 MRINORZBFEIERED FHEL L THY
FRA) 72 PRI RE BRI AE U e 2 L1272 b, T ORIERERET, mE R OT HAOEM A
A RREEEIZAET T = T A MBI D ERO R FEOPLEEEREN < T Z & 1000°C/sLL
EHOmD THNAER TRERMEFEHT RLF —ENELLZ LERES LTV EHEESN
%, OTHORTIE, RBITWIEE 0 —)L & OEEIZ L A MBEAKOTHRORELZ T 512
D, FHYEEOT AL LTEREN V2 EH L 0 KXW, Fig. 3-13 ICSSMREFE /N AEIEIZ IS 1T 594
PEONT B OIRIE 7 10 554 OFEMEH LG & 7~ LTz, JEIE ST M O OO Frex (= JEREOT e TR R
D EDNETHIFIE TN, EAKOT Ayl 1/2FH T 0, RETRAL D720, F48EME
OF Freegd V2 JETh, RETHRROGA L 785, BIZEAMOT HOMMTENT HOIFHEN
Eboie 0, FIEASA NN THNLRZRIZZD RN Ebo7-0 35 Z &0, 1hENeERTD”
O BOERNKE UYL O T IG5 L EORZE-HZRKIEL TWH Z & bEZ bd, @
HORTHRBIEWVIZERSBZ D700, BHEIC L 2ERBOBEE I RENTT TH L, 0T
HEBH OB 20 430F % Z LIXTE 20, SSMRIEIZE W CTHRIE S AN A& BRI D 53 A 3
AT, BHCEBIBEMMKL L 225 2 L%, TOZSOEAERICE b0 EEZ NS,

48



[Surface]

; .I. -===Shear strair Yxy
@ 0.8 ,/ N Normal strair €,
% ,/' ! - - —Equivalent strail Seq
£ 0.6 I,-’ 1
£ / ]
é 0.4 I,’ , /y\
§osl/ ! \\\\—///

—> X
Il :
[1/2t] 0 —Ll ////_\\\
0 0.5 1 15

Strain

Fig. 3-13 Strain distribution in thickness after 50% reduction rolling
(Roll dia.:200mm, Delivery thickness:1mm, Friction coefficient:0.35 )

SSMRIEIZ X 5 O HOEFEIL, JTEIECH AN D 23 W RN E v, BICED Hivd Alke
PR D Z LIFANR Lc, (ALK 2 NZADETROZELLDTEZ D L BRI TH
% 40%-50%Z%F L. 50%-50% Tt 40%-60% C b H > THAAL T DRER & 22> TV T, FFICHEE T
DOHRAIZEAZE TS - 7-(Fig. 2-15), EFRT v 7 TIMLIRERBNHE L, BRBRAEEN EH L2 &0
JRK EB 2 BNDD, Aes FULHREK TOOT AL, MEEOMELZ TSN LICHEE
THUEDND D,

SSMRIEIZ, # 1 BTN LT RHASEOMIERRY 9105 R S E 5 TER SN, RE%X
Bk O C-Mnffia FlVN, REA— AT A MEECEFE 1 X2AH DT 2 SR E N L%
TV, L% 0.056s THEX AN Z1T > T\ D, FRIZHE TR 50%, /N AfH] 0.28D 2 7N A Efke il L &
BB OEE &) — I ORBREAITKT L. SSMRIE D G b 2o 135 I iied Tt b o &
2ole, HUHEE S LD MRLIERESC, BIBRRITR 2> TN D,

1 RAROTHINLTRONTMM T = 7 4 MRLOERSE - L TRBAEIM LA —ATF A b
DD OEINEREZRE L TWADR, SSMR ETIEHM LA —ATFA b0 DDOFNERETH D,
SSMR ED R I DWW TIIBIARE T4 U7z vlRethE b MG L7y, A ORE S, Lo i)
SRRV AR TH D LT 7o,

DIEIE 0.05sLAN B DBEEX AN T 1.3pmPD 7 = 7 A MR SN DJELESET, 0.3s%02 5
DEEE ANEITH & 5pmFLE OFHE A — AT A VRN A OND B D7 =7 A MRS EIEF
AR LIZEEZ D L FIEAREICARR L, v OAes MU EEEE T 0.3sOMIC spm % THILE
L7cZ &2, D TERIT VY,

QENNERE TR LN = T4 MUZ BB ENE L D ORNIZE A 2 A4 PR RHIDI,
ZAUZK L TSSMRIETORBEEH D 7 = 7 A MRUZITIRACRINE A U # A4 MZR LT, S
(2B 72 5 (Fig. 3-14),
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Fo, MRALIR O E L CiE, KREHED/SR[E 0.2s D 2 SAE FRBRO#ER(Fig. 1-49) &,
SSMR % = AiikliR(Fig. 3-4) TO 1/4 JEHORER & O3 5)72 & bt 5, K ORERTIX
Rift 2.5pm, 7 =74 YR 0% DFEREZF TV DAY, SSMR BEX AL TITKIAR 1.6uym, 7 =
T4 MR 0% TH D, THUIKIFIFELWVERELERD Z L1 T& 5, {HL SSMR EOHAITIE,
HIZ650°CRamEIEEZT 52 L THMTA—ATFA b D L VAR T = 7 A RO H LSRR
I 1.2um bbb e b, RIRROEEEIIS F 0 BWE 22 S0, JEME & FIEDEV Y, SSMR
ETIA TR ARIGH, FEEBER ORISR LICk > T, ME{LIEN LV ED bR & E
25,

Yada’s experiment SSMR process

Fig. 3-14 Comparison of TEM images of Yada’s specimen® and SSMR specimen

3.5 MM

(1)5I5REE &Y

SSMR EICBIT DELE « BHSMHEEETHZ L T, MmO REZR % 1.2mm EORER A %1
AL, JIS-5 SRIERER 2890 L ChlIRRBR 21T o 7=, ifE A(Table 3-1)% F\ 1/4 JEH D-H
7274 MRIEE 1.2pm 25 4.5pm FCELIE TV D, 4.5um LIRS 2 FEREEE < VI Tl
WM TG LG ORRITE, Ko TLLF T 4.5um OB Z2@% 7' 2 AMH4H &
KT D, V4 JEH 1.2pm 1% SSMR LTl b IRI{L T 72 b D TH Y | ZOEEHIL 0.9qpm O
BRI Ch 5, KT DHMU/NRER T 280 1 U CORER72 5 8RB & 50 L 7=, /) ilBR
A OHETR S, w2 JIS-5 SREER T 0 1/7, JEA1E 0.3mm TH 5,

fiR % Fig. 8-15 ¥, ARLIZEWBRRIS I L, @% ~ v & 224 > 400MPa 73
1.2um #4 Tl 650MPa & 72 - 7=, B, F£E D 0.9um #5455 DFEARIE /113 T00MPa £ TiEL Tz,
— 07, PERPBIRHSNTWEEY . AR LT DI O THONTE T Lz, 4512 0.9um #4 Tik
T EIE 2L Abhiehotz, B L, 1.2am Mo JIS-5 BRGREROFE RN S 50058 0 | kL
HCHREREROFHEL L TIE 15% L EORMUOMEREEZH LT\ 5,
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Fig. 3-15 Comparison of stress-strain curves in grain sizes

W NiBR T DT — 2 L&D, ﬁ%*ﬂ%&ﬁ&fﬂ&ﬁ@&ﬁf%%ﬁfﬁLf:%mmg. 3-16 TH D,
HIZIT B IE DR A — /X=X X AVPI TR LT — 2 W E 5 H L7722, % ZiZidMorrison &
DSFELRR 2 A REPR IS ZE 2 T8l CRAAE L 72 R R 19 b B E T 5, SSMR(%’C%L%‘ZYWJ%#HM?HODI&
R 7] B Hall-PetchHI|2020 {2 GRS BRI D-1/2 FIZEHHI L TE Y . 0.9pm. 700MPa® 4 1E
[ —#7 L2 d 5, KHITiE, AR CHOW - SfEAO M BAEMn, Si. N@EE%)%WU‘f:Pickering
DORB- D2 L | MBI EDRVEARS DA E LD LIZER R L TWD AN, B8RO T —#
HE ., BRI TIEEALOANBELE-o TS L O TH D,

YS(MPa) = 15.4(3.5 + 2. 1[Mn%)] + 5.4[Si%] + 23[N%] + 1.13d"V/2)

TORIRLEE D IEME 2 L 0 FERIIZ D 7212, BIREHE S 220 S 75 iRaRER 2 50 L 7=, 128
IR GL 13 EHE L 72 A JIS-5 B RIEER A O 50mm (2% L, 17mm. 33mm, 67mm & 2k X8,
TPATHE SIX GL O 1. 214& LTWo, #id% Fig. 3-17 12777, GL 23V WZ EMORN/RE L 72

ITAERERRRIC L BT LTV A28, 1.2nm MO GL 25 < LIZEEOMURO M E3E
L<.GL ZF |/ &< LTITIE 4.5um #F E Al TSN T2 E Rbnb, 202 &b, 1.2um
FHZH O TIZE D08, R[N L T 45pm M T EAEED LRV EHEESN D,
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Fig. 3-16 Yield strength as a function of ferrite grain size
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Fig. 3-17 Tensile test adopting varied gage length
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Fig. 3-20 Fracture toughness (result of Charpy impact test)
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(1) AEHE

%S G R EAEIZ 381 DM B O B ARG 2 AT 2 BT, B AAXA SR BLON2 X
A IR 21T - 7=, PABRIEE (3 Fig.2-1. Table2-1 (/R L7 BT VEAERLES R 2 L—F T
HY . BHRRAEFEIZIIF3 A% > R, 2 8 RAFHEIZIEF2, F3 AKX v Rafi Uiz, i3 2 &=

Dt AR L aER T 6 H VO 72 C-Mndlil(Table2-3) TH 5, skl % Table 4-1 (2”7, FEdbhifg
HMLFRBR ClE 30~35mm/EDFER & HUEAE 2~3 /XA AL BJERE 3 /XA TETF Lz, ARBRT
W EJEAE COEARII 2 K5 B < HET 2300 6 HUEER K OME BIFSE 1 82 H 281 LT
B 4~8mm/EITHEIN T L7237 2 VT 5, JEIEIZ X AL 203 « HERIEIZ X 5%t
BOFTHE)TERL, NAY7D 0.22~1.2 OFPHTERL, [ETFTHETIE 20~70%IZHY T 5, H/XR
RERCIE, OTAEE@OREEZRET 5720, 0T AHUE FRNG U CIREEE 49 L, 5081
& 13081 2 KUEITHIZ T2y — . 2 7S AR CIlL/ S A %2 0.4~1.1s L AR T H 2 L 2B L
72728, O B 13K 20~200s 1D FiJH TED > T 5,

Table 4-1 Experimental conditions for deformation resistance of specimen

Item Conditions

Specimen size |4~8mm thick X 80mm wide X max.300mm long

Reheating Furnace temperature:1100°C, Soaking time: > 1hr

Finish rolling | Finishing thickness: 1.2~3.4mm
Strain e (Reduction): 0.22~1.2 (20~70%), pass
Strain rate & : 50, 130s (in 1-pass test)

Pass interval: 0.4~1.1s (in 2-pass test)

Delivery temperature: 800~850C

ETARGUL, OrowandD RE—ZEFEERGRVICFE D < FEIEAFEFHHEIE L O JEIERE O fif S F o F2H
B EARPTE L CHHE L7z, Orowan D ARHE— B (—) B O 2 2 Fig. 4-1 (2R~ 7,
JEIEMFEE X, v —/L/3A R OGO E TOBMERIEIC T, #EEM SO SI0H0 S0 &K
RN & R 72 IS SR BE 2 20 VE O & . v — VEICA/ER T3 HoOEE SRS ZRBA T 5
ZETROOND, EIERFEIL, #EIEM OERGI(Fig. 4-1 F T3k, v —/L & BEEIER DR
BARS u . v — S NEBOE PR TR E D, —FH, v —/VIELED &S EIC K > THREHH
AR U, BAIPRRAED D 2 & CEEMEICR X B2 KFT, ZOMAIERE%
BT A7z, EEREE T — VEROHEEZRZEIZEYIEL, URRERDDLON—EHTH D,
17— /LD REAERIL, &> Z & 260 L7-Hitchcock D X 2(Fig. 4-2)I12 K » TR 7=, EEHEE
R, T ERNERBR(Fig. 43)ICL > TRA L 0.4 & L7, ol BEREERET 5 2
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PEIER O TERPUIL, AT n— " NN TOERFICHZELL TV

[CHEIHTE 2,

EMEEAUE L, ERERTEAERE S —BT 2 L OICHE L2 OB BRI TH 5, .

T, EHEEEIIOX T # 0 2 Mean deformation resistance, M52 km & LTV 5
TP TEARET L KB A LN D HEEICIE, Flow stress, o R L=, EH 5 & Bils /R
BCOMETHY, BIARTL o 132 Z TITHEFERIC T ERFRTH D, i, Fig. 4-1 O LT Fim

OT RARREZHIHE & LTINS ) TH D,

T=U"s

_—

- 3
BN

s=q+k-WA,9¢)

k:Constrained yreld stress

Simultaneous equations
for Orowan’s function w(1,9)

.
v?/(/l,qﬁ);l{sm /1+\/1—/12}——

2 A

R A q

)=+ 4

W( ’¢) 2u k

Fig. 4-1 Schematic and equations of Orowan’s general theory for rolling

Ah=H-h

/3

/

~

—

Hitchcock s equation

2
rR=[1+S PR, ctol-v?)
Ah 7E
R’ :Flattened roll radius
R :Original roll radius
P :Rolling load /width

Fig. 4-2 Schematic and equations of Hitchcock’s roll flattening model
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Fig. 4-3 Estimation of friction coefficient in rolling by forward slip measurement
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C%)+O.594—(C%)2 : 2851+2968(C%)—1120(C%)
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K- DIZCE 0.15%, MTIEE(TW1093KEZRA L, OF A 5081, 130s Ui U7z st HAE %
FNTIARE — R TR LT, 7ok, K(4-1D)TRD 5N Dk D HALITkg/mm2TH 5 729, Fig.
4-4@IZFEANT A BRI N/MmM2IZHE L TH D,

JEZEONT B D HENN FEOTRE 22T (L S RSN D3, O A E 2 B H U7 8 IR R O 514
FHCIXR DNy 7o, FERM BEREIERE O EARI PRI AW ST & 2R L ik L7235
@), 0T BN/ PSWVEIRTIEERRUC L 2 TR K L feoTo, Eo, O B O RN
EIHRHTH 130s1DH A% 50518 0 ) BON/mm2filfi < 7 HFRE & TR S, SIFERE N &%
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(Fig. 4-4(b)),

K¢ (N/mm?) = 295 - g042
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Fig. 4-4 Mean deformation resistance ke at 1-pass rolling
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Fig. 4-5 Influence of pass interval on mean deformation resistance at 24 pass rolling
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Fig. 4-6 Influence of 1%t pass reduction on mean deformation resistance at 224 pass rolling
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Fig. 4-7 Relationship between flow stress 0 and mean deformation resistance ke at 274 pass
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Fig. 4-8 Comparison of calculated ke with experiment for pass interval influence

at 2-pass rolling test
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Fig. 4-9 Comparison of calculated ke with experiment for 1st pass strain influence

at 2-pass rolling test
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Fig. 4-10 Influence of 1st pass rolling strain on strain remaining ratio
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Fig. 4-11 Mean deformation resistance coordinated with total strain
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Fig. 4-12 Influence of rolling temperature on mean deformation resistance of SM490 steel
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4-13), 1KiMEL 1 SABRE TFEERETIH5LM4 L LT, km=450N/mm2, £ FH 80%, SSMRIED
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L, 1B OWREABIEIE 7 A AL EF IS D EER EIL, K& < TH 20kN/mm FEE
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Fig. 4-13 Comparison of rolling load by ke and reduction
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Fig. 4-14 |Z{HVBEEE O 2R3, TR S 30T 2 KR O FIETE 2 0.5% 1 T K &
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JEAERRBRIL 2 Y O FHETIT> TR Y, RBR-1 Tid, JETHREZ 20~60%DHiFH CLE L, #iF
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Fig. 4-3 TR LIc HiEE AWz, FIERTORER A RIEIL 5.9mm, REIL 800°CT—iE L L,

ABR-2 TlX, SSMR ik S A et THAEAT B OBEREN R A FREE L7z, 5 2 BTk~ 7o ki b gc
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Fig. 4-14 Schematic of lubrication equipment

Table 4-2 Experimental conditions for lubricated rolling

Item Conditions
Lubricant Type Commercial lubricating oil for hot strip mill
Weter-soluble

Concentration 0.5%
Roll Type Tool steel SKD61

Diameter 220mm

Roughness Ra: 0.3pm
Specimen 0.15%C-0.75%Mn steel (Steel A)

Rolling conditions

Specimen size

5.9mm thick X 100mm wide

Test-1 Reduction 20~60%
Temperature 800°C
Rolling conditions | Specimen size 2.0mm thick X 210mm wide
Test-2 Reduction 50%
(SSMR final pass) | Temperature 780°C
(2)#ER

W1 DR Z Fig. 4-15 (RT, S sREE D & HEE & 20 5 BERTEEAE Ry OB R (1 )1
XX 0.4 THDHOITH L, WEEIM LI EILETIZ 0.2 LT E TET L7,
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Fig. 4-15 Influence of lubrication on forward slip and friction coefficient M in rolling
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IHIFIE—E T, HIEOEBETRLENT D Z LR o7, ERESG Y TR E A N9 5 A 1%
B EIEIC D o, REBETIREOLE R SITERTL2 b0 EZ 2615,

BRI LEDBIIAE L OHE TR EDFECICIE D BN Y | SE B TS D1, B 05
BIORIHOFmIRDFER TiE <, B0 LTWAD 7, DF D IEIEIEDE « i T 7
STWALHTEHTH S, k-2 1L SSMR &4 TH Y | 3bmm JEDFHEM 2> B MEIETS L O FFEIE 1,2
RNRAZRTC2mm EE TN ENERBRA 220 F TR NRAIZEL TV D, FIELOEE CHRER
F DB mHITIT— AT tongue & FETIL D IR DSIE AL S LTz,

ik\#rﬁﬁ®ﬁEﬁOTi&< L7 S EAERY &R TR > TV H DX, E
JEHE T — VX v TOFERIKEOIAALICL DD Th 5, R THW 2 EIE O /M X5
1000kN/mm T&H Y . %ﬂkN@ﬁEﬂ>#ﬂi23mnﬂ~»%%y7#ﬁ#ofbiﬁo%o
THYARRED 1.0mm & 725 EEA T 521, JEERTOR—/LF ¥ v 7 %-1.3mm (23 E L Tk<
VERH D, ZHUTFRNCE FTEEIC L > TREEAZ AR L, JFEHEIC 1.8mm 55 OMMEER 2L T
SHTEL Z LY T 5, FIEEORIM: T FEBRIIXIERIE CRAARATEIR T/ SV THMEH R
1L TE WA, FEEIERF O EIX Z O FRI#H OIALDREZ KM L T\ b, AR Tor— /L ¥ ¢
v TEGET, BB OIS LB OEE D, JE TR 50% & 725 £ 9 1ZKE O TAREEIC L > TR
ITEERRINICAT o T2,

SSMR##& /X A T OB O FEEJ A TkimlEL 350N/MmM2TH 5 Z ENphroTWnWhHi-d, &
VR REFS L OV IR O R IE A B D BRI A R L& 2 A, ZE4 0.35 £ 0.156 Th o7z,
A1 OFER LB, 1ZIE—ELTWD,

T X D AR A TR+ 2 & ¢, SSMR 75T 300mm HEORER 2 ild4 25 = &1
HEkzh L7z (Fig. 4-17).
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Fig. 4-16 Effect of lubrication on rolling load at SSMR final pass

1000mm

Fig. 4-17 300mm wide specimen rolled with lubrication
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a=cos” (1-(H-G)/D)

__________________ .- MPcosa

Condition for biting in
MPcosa > Psina

M > tana

Fig. 4-18 Relationship between biting angle a and friction coefficient y
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SR U720 20A R EE AR K tana & Fig. 4-19 (2R3, JE TR 80%DHEE T CIEE A 2 f4
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WIED 2mm ARHOGEITR BV 5D, BIS, FERERITITEAEHE O B ZE TR 53 72T 1 A A RE D 1
=X X v T GBS 257D, REVBEEBRHIIL 5D LENWEEZDHIRETH D, ETEN
50% ToiuiE, [RIAEBIREIL 80%IZHAUFIFT L, MIEIC L 2 BB O RHIT R E < 78D,
FER Tl — N 220mm 72 72 72O AMABKE 2mm., AR 1mm O 54T & (R BEELREL
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Fig. 4-19 Minimum limit of friction coefficient p for roll biting
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NEECTH o772, OTHEEMITMNE L= 20T T 2 R A EIERBR O R L& =
A BREE T LTI TIRIZERITE 2 2 L R0 o fo, BIHPRL SEfLE R
SSMR# #& 78 2 DX ZETHHSTT 310~350N/mm2TH Y . Z DE S EOFH 2R A Lzl
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Fig. 5-1 Schematic of 4-high mill and noteworthy points for heavy load rolling
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Fig. 5-2 Relationship between rolling load and work roll diameter at SSMR final pass
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Fig. 5-3 Pressure distribution on roll surface during SSMR final pass rolling
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Fig. 5-4 Schematic of Hertz pressure between work roll and buck up roll
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Fig. 5-5 Hertz pressure between work roll and buck up roll at SSMR final pass rolling
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Fig. 5-6 Displacement of finishing train of conventional hot strip mill to SSMR equipment
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Fig. 5-7 Pass schedule for 4-stand finishing mill
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Fig. 5-8 Influence of roll diameter and friction coefficient on rolling load at No.1 stand
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Fig. 5-9 Influence of roll diameter and friction coefficient on rolling load at No.2 stand
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Fig. 5-10 Influence of roll diameter and friction coefficient on rolling load at No.3 stand
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Fig. 5-11 Influence of roll diameter and friction coefficient on rolling load at No.4 stand

Table 5-1 Basic conditions for studying rolling mill specification

Stand WR diameter Friction coefficient
1 700mm 0.30
2 600mm 0.20
3 600mm 0.15
4 500mm 0.15

(3) A3 v FEERE & EIERED
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HBA4AX L FEREZ 3m & L, oo 2 H 2 RIZEEFED

BYE(: LI Voo T 66m EE LT, TORAF L FEERE Fig. 5-12 177, &k A
2 RDOETHRE 50%E L, &AM %Z 028 LLTFT5720121%, &K AZ L REEHRE %
1300m/min(mpm) LA E & L7 iud 2 570y, Z O E B RIIBEFE IV ERISETH D,
Fig. 5-13 IZF AKX v RORE &L Z O ERTO /S ABMOMEMHE ~T,

No.1std
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Fig. 5-12 Rolling stand layout plan
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Fig. 5-13 Assumption of rolling velocity and pass interval
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JERERFEIL, &b & 1850mmiE TOMENABUREID R v 7 58 OFFRHPAICINE 5 2 & 2/l
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YaArbhEiL, Fig. 5-1 IZRRL7Z@Y . WRIZEE) bV o 252 5 HEMEFOZLTHD |
ZONEEWRERLU T ETHMERH D Z LD, LR LITIEERE ORI ER & 72D, 7
bbb, FIEOHRE, ETROELEEZIT O BE, PrEEIE MLy & EFEERICWRED/ NS WIE E/NE
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G S 2 2500 & B0 | EIE bV Y OAREEIR I IEA OfE 7 R A T 2k
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Fig. 5-18 Required value and limitation by equipment about motor power

Table 5-2 Basic specification of finishing mill for SSMR process

Stand WR Max. Motor Max. Universal joint
Dia. load Power Base velocity Dia. Fatigue limit
Torque
(mm) (MN) (kW) (kN-m) (mpm) (mm) (kN-m)
1 700 56 10000 2626 200 650 2538
2 600 56 14000 1578 400 550 1558
3 600 56 18000 1078 750 550 1558
4 500 56 24000 696 1300 450 902

(2) EHEBBEOERERIE

EHE I 253t 512 H 7= 0 | Table 5-2 OEIEREEAARIZN 2, Table 5-3 IZ/R TG L H BE L
72
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DA DONWTRRF LTz, BE L2 3, 854 A X Rov— LisHEEEEL 3000mmTHh 5, HAE
w%mm@mm%ﬁﬁﬁbﬁ%k¢5k®ﬂ\AWVVf@W%iQ@<k%MW%mmEEiM
BWChDH, FIAZY RTHMAIFRANEFE 4 A2 R EFRMAIFA b Z2IZIEHEIE5 LT, 20
RAN 2 Ay E LTHERISNEET A U ESIE 1300mmE VW9 Z Ll s, Z ORR%Fig.
5-19 IZH/R LTe, ARA BN 1 RKOWriEfE 0.47Tm2Lk & 7 A v imE S 650mmbEL F O Z5F:1%, 72
& ZITAR A S oWrm kA  600mm X 800mm & 3 AUXMNL L, ED XK 9 7oy ¥ 7 ILEXETFIRE
HbH, AL, BEOFEREBIEI LD A% RiE(r— VR RDEEREX 5500mm TH Y, A% > REIZ
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RIREZR BT 72 72 HRE DEREL B RITTR & 72 D,

L E FREEI LI O B o EH 500 T, BUR OELA DS LD 20 7 ORI T,
JERER B HT U CHEIEM Z2Bkde 1 WR OB, 7720 BIEER R 2T 5720 DlET Y
VHE—=ThD, EAZNENT 28MN LLEOWHZHETLRY, 2L 21XV ) v X —DRNE%E
1010mm & L. JH/E% 35MPa &4 #iF 28MN O AL L SHEH LN TE, 2D L5 RHE
JE MR ITRFFRETH D,

%42&/b%®%~&~mm2mmmw%mmﬁﬁﬁw%mfwéoi%fzmmmww%~
B —H AT A 2 L B ARERS S, BEfED 12000kW D& — % —2 #2425 HikbH v, Z0)
INE—H—DIEE/NELLTHIENTE, H3, FA4AX L NI ET L ETHIE &7
Do

PLEoBEHEREZHE X, = U=T U v VST ERFE U TR IE O ERAR G 21T o 70, 1B
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Table 5-3 Additional specification for SSMR mill design

Item

Specification

Remarks

Size of housing post

600L X 800W mm

Cross section=0.47m?2
Tensile strength=30MPa

Hydraulic cylinder
for screw down

Pressure : 35MPa
Cylinder bore:1010mm ¢

alike as conventional equipment

BUR diameter

1500mm ¢

Hertz pressure =2500MPa
Max. stress at neck =200MPa

Motor capacity

12000kW X 2 (tandem)

1)12000kW motor has already existed.

and layout [5000mm wide X 7000mm | 2)avoidance of large diameter
longl /motor
Minimum Distance 3000mm Width of window : 1700mm

of rolling stand

Width of housing post : 600mm X 2

Rapid water cooling

Located close to the final

about 200 C cooling down just after

equipment rolling stand rolling
Pressure : 1.5MPa
<
— Housing
post
< 7700 ::/\V 1300
d r/ N [
D 3000 "

Fig. 5-19 Minimum distance of rolling stands
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