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Fig. 1-1 Crude steel production (World, Japan and China)
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Fig. 1-2 Crude steel production of major countries
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Fig. 1-3 Product mix of hot rolled steel in 1967 and 2010 in Japan
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Fig. 1-5 Roll pass design of channel rolling[9]
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Fig. 1-6 Layout of beam mill for universal rolling process
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Fig. 1-7 Schematic diagram of H-beam universal rolling
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Fig. 1-8 Schematic diagram of H-beam edger rolling
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Fig. 1-9 Early universal beam mills[20]
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Fig. 1-10 Diagonal passes and universal finishing rolls[20]
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Fig. 1-11 York universal beam mills[20]
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Fig. 1-12 Universal beam mill built at Differdingen, Germany in 1902[20]
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Fig. 1-13 Hugo Sack's universal beam mill[20]
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Fig. 1-14 Universal mills by (a) H. Sack and (b) H. Grey
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Fig. 1-15 Puppe universal beam mill[20]
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Fig. 1-16 U. S. Steel beam mill at South Chicago, Il1. [20]
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Fig. 1-21 Conventional and constant outer-dimension H-beam[83]

Filler plate

Fig. 1-22 Connection of different flange thickness H-beam[84]
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(Initial stage of spreading)
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(Final stage of spreading)
Fig. 1-24 Mechanical spreading of web height[90]
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Fig. 1-25 Reduction of web height with universal mill[91]
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Chapter 1
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Table 3-1 Dimensions of laboratory universal mill

Roll diameter | Horizontal roll 180
(mm) Vertical roll 140
Horizontal roll rotation speed 7 rpm
Flange inclination angle 6 deg.

56



Table 3-2 Experimental conditions

Model scale

Model material

Conditions of inlet section

Inlet material

size (mm)

1/5
Pure lead (99.99%)
Thick section Thin section
Web height, H 61 60
Flange width, B 26 23
Web thickness, twy 4.0 2.0
Flange thickness, tf) 8.0 4.0

Target thickness

reduction

Web, r,,
Flange, 7/

re = 15%, r;= 12, 18, 24%
re = 21%, ;= 18, 24, 27%
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Thick section Thin section

Fig. 3-2 Inlet sections of the rolling experiments
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Vertical guide plates

-
T bar 7
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0 b
Table

Fig. 3-3 Layout of vertical guide plates
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Web side camber Flange side camber

Fig. 3-4 Types of side cambers in T-bar universal rolling
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Fig. 3-5 Appearance of rolled T-bar samples
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Fig. 3-6 Web buckling of T-bar (thin section)
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Fig. 3-7 Mechanism of web buckling
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3-8 Influence of reduction balance on flange and web spread (experiment,
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Fig. 3-9 Influence of reduction balance on flange and web spread (experiment,

thin section)
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Table 3-3 Numerical conditions

Condition of inlet section Thick section Thin section
Product size of T-bar 300 x 125
Web height, H 330 310
Inlet material | Flange width, B 136 126
size (mm) Web thickness, twy 20 10
Flange thickness, #f) 40 20
Roll diameter | Horizontal roll 900
(mm) Vertical roll 700
Horizontal roll rotation speed 10 radian/sec
Flange inclination angle 6 deg.
Target thickness | Web, 7, rw=15%, r,=12, 15, 18, 21, 24%
reduction Flange, 7/ rw=21%, r,=18, 21, 24, 27, 30%
Friction coefficient 0.3
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Fig. 3-10 Elements in the section (thick section)
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Fig. 3-11 Influence of reduction balance on flange and web spread (FE
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Fig. 3-12 Influence of reduction balance on flange and web spread (FE

analysis, thin section)
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Fig. 3-13 Comparison of flange spread behavior between FE analysis and

experiment (thick section)
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Fig. 3-14 Comparison of web spread behavior between FE analysis and

experiment (thick section)
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Fig. 3-16 Comparison of web spread behavior between FE analysis and

experiment (thin section)
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Fig. 3-18 T-bar production with universal and edger mills
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Fig. 3-19 Sections of stock and final target
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Table 3-4 Draft schedule of T-bar rolling experiment

) Flange
Pass No. Thickness /mm ]
width

Web Flange /mm
U-1 7.4 14.4
E-1 29.6
U-2 6.5 12.4
U-3 5.7 10.5
E-2 27.9
U-4 5.0 9.1
U-5 4.4 7.7
E-3 26.6
U-6 3.9 6.6
U-7 3.4 5.6
E-4 25.6
U-8 3.0 4.8
U-9 2.6 4.1
E-5 24.8
U-10 2.3 3.5
U-11 2.0 3.0

JH S FEER T, JEIEA D |l 25 0 FEARBLIZ K> T Table 3-4 D/NAR 7Y a2 —
WEBIEL TERZIT o7, R, MO = =P VEIETIET T P~
DOHIN Y N RKEDoT2T20, 7T VIEFREREL T HIHELE EH L=,

Ty VX EIET TV DHRPETEINDTZH, 7T VDI L > TT
RTORATY = THA~OHB YRR LTz, 1272 L, [EIEHE ORI L
72 A RICE 2T =T HA~ON Y NIz 62720, fH< =/ —H)LE
FEVZ BRI 72 o T2, F#&HIIZ, Table 3-4 TTE L7 T X TCO/NADELIE % 52
TTHIENTE,

3.5.2 ZEERIEGR

KRADT 7 o UEOHER % Fig. 3-20 (12, 7 = 7 & I OH#HEF % Fig. 3-21 12
T, 7T UV o =YL EE DG AN Y TEINL. =y Yy THEE T
ST &0 ) BT LTz, BURAHES 72 550 SR FE 2= =YL
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Fig. 3-22 Final section of rolled T-bar

Fig. 3-23 Universal finisher mill
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Fig. 4-1 Universal rolling of channel
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Table 4-1 Experimental conditions of laboratory universal mill

Roll diameter Horizontal roll 180
(mm) Vertical roll 140
Horizontal roll rotation speed Trpm
Flange inclination angle 6 deg.
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0

4
|

Fig. 4-2 Dimensions of inlet section for rolling experiment
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Fig. 4-3 Guide and table for rolling experiment
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Fig. 4-5 Example of rolled pure lead specimen (,,=14.8%, r,=18.5%)
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Fig. 4-6 Actual thickness reductions in experiment
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Fig. 4-9 Reduction balance and variations of flange depth and bulge height
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Table 4-2 Inclinations and intercepts of flange deformations

a (inclination) S (intercept)
Width spread parameter In(Bi/B) 0.528 -0.001
Flange depth A4d -1.06 -1.46
Bulge height 4A 16.84 2.10

DLEDOFERRIZ L > T, @EOHZETBIE I N T 7 V4 ma—F—H D%
ERAEZHEICHBT 22N TEL, SHIC, BESGSXT TV IVHRSIIK
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1/2 €7 )V TENT L7 B IX Y U > R 8 Hil KRS /7 23 (C3D8R) & v,
PIEETAK 470,000 & L. v — WIMATAIRIIR & U CTIER L7z, fEMTIZ3 T
D —ATIEEF AT & LTI L7z, BIRBGAREMRIT O~ A r—1 7%
50 AKii & 72 D KO IR E LTz, K —/L% 40rpm TEREN T A5:4F L L, B
— VT IEERE O B H[Ef5S— R & LT,
TTIVIEIEREBROHEE 5 5352 LIk - CEBE-HEICERL, Z oIk
SHEE RO TN 206 L=, FEEH D 3 WIT/ LM XA 23 el ) &
WZEMND, 3ODEKMTHNTT 2 Z &1C Uiz, T W EESM %2, &H56
DT DOfENT S & & 12 Table 4-3 (2R3, EEM & 0 — /L OB
7 —n UEEEZUE U, BEEREIE 0.4 & Lz, ST CR&E 72 B AT D
DEHIET 5720, Fig. 4-3 R T T =T HA RET—TNEMITET L THE
B L7,

RO L EUL, 2R OK[147] % AW CTELERE 1000C, RFEE 0.15%
L TUTORAEER LT,
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DOHXEHNT, T CHEHATIERIEIOT —7 VT — X BB LTz, 728,
RA-DIZBWTOTHZE 0.002 12 U7l 2 B IBERE OB TR & L,

Table 4-3 Numerical conditions of FE simulation

Product size of channel 400 x 130
Web height; H 477

Inlet material | Flange width; B 150

size (mm) Web thickness; tw 22.5
Flange thickness; ¢ 39

Roll diameter | Horizontal roll 900

(mm) Vertical roll 700

Horizontal roll width (mm) 400

Horizontal roll rotation speed 40rpm

Flange inclination angle 6 deg.

Target Web; 7, 7w =15%

thickness Flange; ry rr=12, 18, 24%

reduction

Friction Stock — roll 0.4

coefficient Stock — table & guide 0.0

Young's modulus 100000N/mm?2

Poisson ratio 0.3

432 fRITHER

FHE L7 3 R/MFOMATIZ, WIS ET Lz, BIET7 7 VK PR
18% D SRR T DT TOEIKILZ Fig. 4-10 T3, HTICHBW T, BIE
JEFRIIr—AF Y v FIHIGLTBY, JEEZOWRETZZDOr— X v v/
ERRDAREMEND D, £ T, ETFROEILELEZD/XT A —X2 OfEIL, ER
& RBRICEAE R £ D JEIEM DO ~EIZEESWCTHE LT,

ENT TR ONTZ 7 TV DIRIRN D /X T A —% In(Bi/By) & £ F/NT » A D BM%
. FEFRIR L & BIZ Fig. 4-11 1R T, TR RITER E LB L Tnwb Z
EMbMND, WIZ, JEFNRT U RET T U DREENEA OBR%E Fig. 4-12
2, ZEEE S bgAn & OBR%E Fig. 4-13 1”7, EBRFERIT 5 5 L C3EHE
SHEICHBE LT-fEE 7 ey Lz, 26D T 7128\ T, HRERMBIT O
FERITEREROIZS X OFRAITINEL TEBY ., JEFAAT R T 5
FAEM BRI CTH D, EBR LRI ORERO—BUZ L - T, ARERMH ORE
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Fig. 4-10 Rolling deformation and equivalent plastic strain (non-steady-state
FEM)
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Fig. 4-11 Flange spread parameter (non-steady-state FEM)
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Fig. 4-13 Change of bulge height (non-steady-state FEM)
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WBHZ ENRDLMND, ZHUCX LT Fig. 4-13 Tl JEFANT U AR KEWIE E Ak
MREL o TWe, UbEDZ b, 77 PN &K a — Ul o EE#ER
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Fig. 4-14 Vertical friction shear force by non-steady-state FEM

4.4 ERML-ANA—YILEEOEESHRESRMBEN
BHIRGRREIC K D IFER 3 oA BREEFRMEMNT Tl MATHE RS G R & Ik
WIZE S —H LWz, LML, 20N 1 7r—2AH72 0 5 H OFERRIN
VETHY, ZEORMNEZMITT HIEE WK Z 2525 L W) BER D 5,
ZAIVETO HEMS T MO 2 = S —H VFIEE OFFSEITIL, &R A RE

87



T2 FHWNTEBY . BN OLEIX 1 77— A OENTRERI AN B & B,
T, EOEWELEEETOEREBLAET 5 L2 HME LT, EWA
SRELEFRAT 2 1T = = N — YOV IR 2 - D it 217> 72,

441 TEEBITETIVEBITENG

EWMHTIZIE, H MR KON T 280 &[RRI CORMILL System[37,145,146]
Z N, W O SERED B | ISR 1/2 % F 7 AL U C b & 326 L 7=, H
T = S — SV IE D FEATIZ W TRRET Lo RIS & | BERLSFNIRE
FFINZ 6 43 El, BRI 30 Il & LTz, £/, JEIEFROEFESEE G F U <
28 iyl L L,

TE W AT DFEAT SR 1, FEARRNZIEEF T £ [F U Tod 523, Table 4-4 IT7R
TEOWCT =T ET TV VDETFROFMEEHESL LTS, Thbb, EFNE
BroEETIE, 2 7V—7DE FTREHZEFH LT, Vo7 ETHEr B—ET
TV R Ry BRI D 5 ODOFMIE, ER & IEE W MATICRE LT fENT T
bb, —. oy B—EDTN—T1X, rp & 18%IZEEL T r, & 9%~21%DH
THRMRE LTz, L EEAF L 9 &M DIE it & i L 7=,

Table 4-4 Numerical conditions of steady state FE simulation

Product size of channel 400 x 130
Web height; H 477
Inlet material Flange width; B 150
size (mm) Web thickness; w 22.5
Flange thickness; #f 40
Roll diameter Horizontal roll 900
(mm) Vertical roll 700
Horizontal roll width (mm) 400
Horizontal roll rotation speed 40rpm
Flange inclination angle 6 deg.
Target thickness reduction |r, constant | r,=15%, r,=12, 15, 18, 21, 24%
Web; r,, Flange; ry reconstant | 7, =9, 12, 15, 18, 21%, r,=18%
Friction coefficient 0.4

TEH AT OB TARPIMPa)IZ 1%, FEEF AT & RRRICERK O [147] %2 KL L
2L TR E H -,

kf =113.2-(0.02+ )" -1 (4-5)
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Z 2T, 0.02 ITEFIAT O T AT B W TR/ S RETRTIFIR S
D2 xET DD, TORE-DITMR OENTZERTH D, HEEMIREIX
1000C O —iE & Lz,

442 TEEBHETILOERSEH

TE AT DB 1T 2 v E TOMZEI8T] & [FER, A B W 23 1) D
M—tE L WD FRIFAEFRE LTz, ZORMEMHIL, EESNDERMOK Y %,
HA RRLT =T N LCHIET 22 R TE5, £, 1080 EWEEOT
WIC, ANHEERBrECIX A Ly e—2 0 M@ Z Lic/e b,

EWITICB W TIE, AMIBERWE O S 2 TOMIr St LTRET H4
B 5, MUK S S OWREFTIEZRE LA, AR WEICER T2
TME(E ) OMEIHE D e/ M 72 B i S 03, ANUIBE ST i O it 72 8 S T D EAE
L7z &5 E S 3% EfE % Table 4-5 3 X O Table 4-6 (27777,

Table 4-5 Inlet section heights of rw constant conditions

Py ry Inlet section height /mm
15% 12% -1.0

15% -2.0

18% -3.4

21% -5.0

24% -6.0

Table 4-6 Inlet section heights of rrconstant conditions

Py ry Inlet section height /mm
9% 18% -5.0
12% 4.5
15% -3.4
18% -2.1
21% -1.5

443 TEERMBITHER
TE T RN D IEIEZETE D — 5] 2 AR G ¥ OV 2054 & & I Fig. 4-15 12”7,
T CHEONTRE L 7 7 VBB EHWT, REOTHE T 7 VR
T A—=HEEH LT,
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Fig. 4-15 Deformation in steady state FE simulation (r,=15%, r,=18%)
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Fig. 4-16 Flange spread parameter (steady-state FEM and experiment)
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Fig. 4-17 Flange depth variation (steady-state FEM and experiment)
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Fig. 4-18 Bulge height variation (steady-state FEM and experiment)
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Fig. 4-20 Flange depth variation (steady-state FEM)
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Fig. 4-21 Bulge height variation (steady-state FEM)
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Fig. 5-1 Universal rolling of unequal-leg angle

Table 5-1 Experimental conditions of laboratory universal mill

Roll diameter Horizontal roll 180
(mm) Vertical roll 140
Horizontal roll rotation speed 7 rpm
Flange inclination angle 6°
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Fig. 5-2 Inlet section for rolling experiment
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Fig. 5-3 Guide and table for rolling experiment
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A, =n(tf, /1,) (5-3)
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Fig. 5-4 Flange depth and bulge at outside corner
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Fig. 5-5 Example of rolled pure lead specimen (,=15.6%, ry=17.8%)

JEIERT# O RED AR FEILTEM O Wi ~E %4 & SR TRIE L, O/ R
5 FEREIE FROWEOT I, WRIENY RTA—HEFHHE L, V=T 7T
VOIFIEREE T E % Fig. 56 17”7, U TETFER I 14.9%0°5 16.6%DF0
HPHICNE > TERY . 77 U VHETE rpld 11.5%00 5 24.9% O A T X

99



FDHZENTETNWZ END, FHEI LT Gp—r) O#FHZ 0301207 2 5
WEHTE, 770 VE T ORENY T A—=EE 77U PRIB L
O m S OE kg S | [FERICFER L7 EIERTE OHED BEHAR LT,

30
|

= 25

5 5

3 20 o
8 (o]
=15 %
3

= [s]
< 10

2

& 5

=

[an1

= 0

0 5 10 15 20 25 30
Web thickness reduction 7. /%

Fig. 5-6 Actual thickness reductions in experiment
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Fig. 5-7 Sections after rolling in experiment
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Fig. 5-8 Influence of reduction balance on flange and web spread

(experiment)
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Fig. 5-9 Influence of reduction balance on flange depth and bulge height

(experiment)
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Fig. 5-10 Inlet section for FE analysis

Table 5-2 Numerical conditions of FE simulation

Product size of unequal-leg angle 300 x 90

Web height; H 325
Inlet stock size Flange width; B 97.5
(mm) Web thickness; tw 22.5

Flange thickness; ¢ 39
Roll diameter Horizontal roll 900
(mm) Vertical roll 700
Horizontal roll rotation speed 40 rpm
Flange inclination angle 6°
Target  thickness | Web; r, 7 =15%
reduction Flange; r/ re=12, 15, 18, 21, 24%
Friction coefficient | Stock — roll 0.4

Stock — table & guide 0.0
Young's modulus 100000N/mm?
Poisson ratio 0.3

BRSO BRI TH 5 2K OX[147] %2 H v, JEIEIRE 1000°C, REE

0.15% & L CLL FOEES I A2 Bk LT,

kf =113.2.£%% .08

(5-4)
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Fig. 5-11 Rolling deformation and equivalent plastic strain (,=15%, r7=18%)
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Fig. 5-12 Comparison of flange spread behavior between FE analysis and

experiment
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Fig. 5-13 Comparison of web spread behavior between FE analysis and

experiment
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Fig. 5-14 Comparison of flange depth variation between FE analysis and

experiment
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Fig. 5-15 Comparison of bulge height variation between FE analysis and

experiment
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Fig. 5-16 L-sections at 150mm upstream from roll axes plane
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Fig. 5-18 L-sections at 150mm upstream from roll axes plane with different
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Fig. 5-19 L-sections at roll axes plane with different table height
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Fig. 6-1 Four types of section symmetries
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6.2 THRMEHBEMDIT S IELENY EROLER

H B2 = =P )LEIETIX, ¥ =7 OFRIIHFREIC /R > TV D, £/, T
o =N =P VEIE T, ¥ = T PEHEDBILBEN/ NS W LG 3 BT
RSNz, £Z T, HEMOY-rolmmzAa+ 2 TIR#A, oo HEHD 7
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FEWCEADE 5 3D T IRl =\ —Y /L EREZ FE A PRI 2 f5I2 L2 HTE
Bl 2 A8 Lo = =YV ERED A BREF AT 2 FEhii 425 Z LIZ LT,

6.2.1 fEFTSEH

H = = S — P L EIE D FEHT I, T 8 O = = S — W L ESEARAT & RIER I,
CORMILL System[37,145,146]% F\ 7= & & L AEfRNT CHhi L7-, Z DM T
I%.Fig. 3-10 (2~ T RN OWr & ER oEE 20 E EHW., 2k Fig. 6-2
R T A EFEARET A Licky., HIEHO 1/4 Wrimie L=, L7=
Mo T, TS H RSO R EEE AT Y = 7 &S 660mm, 77 Vg
136mm (ZFEY T 5, A RPROEER AL DT S5, Table 3-3 (127
BxZDFEFE H o= —H VEIEMTIc b H Le, TStz ded T
Table 6-1 (2% & O TRT,

T2, BRI Y T B = N— YV EIEMAT & [7] CR[147] 2 vz,
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kf =113.2-(0.02+ )" -1 (6-1)

I T, IFEFREIMPa), ¢ TO0T A, IXO0TAHAEETH D, JEIEM DI
FEIZ 2R TY—72 1000C &R E L, REEIL0.156% & L7,

Axis of symmetry (H-beam)

Axas of symmetry (H-beam and T-bar)

Fig. 6-2 Initial section and elements of T-bar and H-beam

Table 6-1 Numerical conditions

Condition of inlet section Thick section
Product size of H-beam 600 x 125
Web height, H 660
Inlet material | Flange width, B 136
size (mm) Web thickness, twy 20
Flange thickness, #f) 40
Roll diameter | Horizontal roll 900
(mm) Vertical roll 700
Horizontal roll rotation speed 10 radian/sec
Flange inclination angle 6 deg.
Target thickness | Web, 7, rw=15%, r,=12, 15, 18, 21, 24%
reduction Flange, 7/ rw=21%, r,=18, 21, 24, 27, 30%
Friction coefficient 0.3

6.2.2 fRITHER

T O 2 W H 0D = = S — D VEEfRFT X, T _XC oM Rl
KT LTz, WIT CIHEONTEREE 77 o VIREZERAWT, ETFANT VAR T T
YIOMBIEN Y NT A= In(B/Bo) & B LTc, EFRNT U RE T T URIKAY
RT A—=H OERE . WIET D T IO 5 & &8 T Fig. 6-3 (w7, 2
DO FL72 2 Wi O [BYF ERROE X 1% H FEEH T 0.624, T BT 0.560 TH Y . H
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Fig. 6-3 Flange spread behavior of T-bar and H-beam

COHEEFOETIEAFMOENNCLIDIEDOEEZOND, ARERZRET VT
BT, TEMOY =7 O HEMO D = 7 i A 0rEIZH 5, HE
O D = 7 HRIIHFRE TH D720, WEITROEMBERITHI R ST D03,
TIMO T = 7 il d B HRE OO K EFANCENT D ENTEDL, VT
FIRDENNT =7 & 77 UOMABFERZEML, 2k T OB
EMOMEENET/NEL holcb D LHERI S LD,

UL EOETRER NS, T2 7 7T POMAEERIZZ DX S 7/ S E N
DHDHELOD, TMD 7 7 2 VRIS VIX T = 7 8 % S s U Clnm 2 2
BIZLTEHEMEIZEA LR UEEE D2 LN, EEICHER TE 7,

6.3 BREMEAFATFELUMMOIL-ANA—HILEZEERLLE
ANENRFRENTEHOWEERIT LI TH Y | A EA I3 Lch
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6.3.1 fEMT&EM

FENTIZIE. 45 4 ZEOWETESCE b B2 0D AR %0 R LT O FHE & & £ e AT
THEALELDO LR U a T T NE W, T OFIEM WL & 55 R4k
% Fig. 6-4 |2/~ T, WrimZiRix Fig. 5-10 (R T ARG N REE L & F U CTh
V. Fig. 6-4 FOMGHROALE (7 = 7 5ehs) ICEE IR 258 0E L, A4 7
7212 T E U = R — Y LR SE AT & 320 U 7=, 225 SRR D BE R 5
ELIAME, Table 5-2 (CF & O 7o RED AR LTSN & [\ At 5th 2 v iz,

2 (G TR 0D 7 = /S — YV ERE O figdT 4614 4 Table 6-2 (2R,

Axis of
synumetry

22.5

Fig. 6-4 Channel section before rolling

Table 6-2 Numerical conditions of channel rolling simulation

Product size of channel 600 x 90
Web height; H 650

Inlet stock size Flange width; B 97.5

(mm) Web thickness; tw 22.5
Flange thickness; ¢ 39

Roll diameter Horizontal roll 900

(mm) Vertical roll 700

Horizontal roll rotation speed 40 rpm

Flange inclination angle 6°

Target  thickness | Web; 7, 7y =15%

reduction Flange; r/ re=12, 15, 18, 21, 24%

Friction coefficient | Stock — roll 0.4
Stock — table & guide 0.0

Young's modulus 100000N/mm?

Poisson ratio 0.3
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Fig. 6-5 Sections after rolling in FE analysis
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Fig. 6-6 Flange spread behavior of L and U-sections
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Fig. 6-8 Bulge height behavior of L. and U-sections
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