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Fig.1-1 Layout of conventional hot-strip mill.

IR DA T U A A RGO 2oL B R IE TR CRE A S o5
BNRZ, IR OMARIL, B O ZANLHK LB DA RS HLHD T, 4 TOEH]



JESE T35 CHMESALTWD DT Tlded, EARBAHRSSr — L R E [ Bl o
IR RN RE VGBI FEMSND, Figl-2 (2E B LT 78 RG5O 2R3,
FR L A TR A E<EIX TV — I — LU — I — L D= B E 2 DT80
DXy TT T m—)L TSNS 4 BIEIERED FiR T D, V—rm—/LiZi 3~5 1
KN DJFEEff E AN SAVDHT 6 . B—/ LS8l 5 AN 7o o A, SR S S LD e (X &
NTHBEICRIZIRDDZ AR S D7D NI T 7T a— VR EIND, A RADY
—Z7a—/Li%, 1000CHEOHIMR EHEZ T HEfih 228127250 T, H RIS EIK T
MHSNRET D, IREH TR T AKREEFHAZESGL T V—rr—L O NI AT
L — SN DON— I TH 5 23, U—rm— /L% 100~200CHE D i ThH D T,
FXVTAKIZFEIEL WM DHNT—ra— U3 (FL— TR 3%, Mo 2
TR I A N — AR E A 72 E ORIMA 2 Z b O N — KR THY , BHE  F¥ U7
KT 10%FREE IZATIRS VD, T— Ut 2E LB i iliE, —&Bi% 1L000CH O #ifk L1z fik
U CEB Ay BT IRBE S 273, KB IZ e — A S A MBI ZAEI, T— 2 a— L L8R o iE
HICTFGTDEEZ26TND, BV EIE I3 D1 E I, mAKSCHR DD RIBEL
T At B 7 & b —fE I BN E AL, T E L TREE SN2 813720,

Lubrication Oil

Carrier
(Water)

Fig.1-2 Schematic illustration of lubrication odpply system on hot-strip mill.
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Fig.1-3 Layout of conventional cold-strip mill.
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Fig.1-4 Schematic illustration of relationship beem Stribeck-curve and lubricant

mechanism of cold-rolling.
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washing away
plate—out formation of oil—pits plate—out / fracture of scale
introduce to roll-bite formation of oil-pits?

burning of oil
introduce to roll-bite?

Fig.1-5 Comparison of lubrication behavior betweeld-rolling and hot-rolling.
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BRI EE SN M 2 [EE 2 28180 [ERERF IS T AT DA AL FOBIEE
Al Zr, B EAE OB IS DWW TE LT,

2.2 EBAE

JEHESR % Table 2-1 (277, EAE 340mmD/NAAL—/L DT —Ia— L&/ hbh
SEZRMETH2L125Y Ra=0.0m LU FOSimE IS Fif 7=, fEakkf12id, SUS3161if
Bz H, SFEE 2mm JE x 100mm i, K ifZ Ra=0.02m L FETHEL,
SUS3161ENH I, B AERFIZ B L BB D A DS FE T D72 & | B I & 45 FH]
JEREDIR EEI CAEZR BT, IR CHIIRER A8l T 5F T, ALA—ATFAMAT
HHZE MHETELT,

Table 2-1 Experimental conditions.

hot rolling cold rolling
mill 2Hi @340mm (Ra<0.02pum)
work piece size 2mmt x 100mm* (Ra<0.02um)
rolling velocity 50 m/min (20, 100m/min)
reduction 6.2~6.9 % 9.4~6.1%

ubricant 100 mm?2/sec 10 2/
ubrican mm?/sec
(50, 200 mm?2/sec)

rolling temp. 973 K R.T.

initial oil amount 0~52890 mg/m?

LS, U — 2 — L [EEEH E 50m/min, BEEE FR42 6% CT—EL L., B\H. &
O, WHEEEZATV, 5 F OISR 2 L U=, B EE T, BT ATV K
ST A THY . 313K TOEPEEE A 100mnf/sec DA AT, 1173K T
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30min EUINEAL7-1% . 1073K 2B CHEIEA T o7c, — 7. MEELETIL, BT AT /L
R ET DI THY , 313K TOBKLE A 40mnt/secDiF A FV T, IR T
JEREAAT o7, B FRARSGERE LZoiE, S (BilE 0mg/n?) D5EIZBWTH,
SRR BB E AR AE LRI T B0 THD, 728, UV —ra— L [al5H D5
AT T ABRE, UV —2m—/ L RlERE 4 20m/ming 100m/min& L i W B kL o
LR 2B T, BREEEHY 50 mnf/sect 200 mnt/secDiF A VY, £ DR AL
g U7,

Fig.2-1 2V —27a— L ~DOEH 715, U—ra— VA7 RO R E 7 521
AT, AR T, 0 — VA ROMWBEESE B LS50, T—7a— L ~DO &l &
% . Omg/P(EEE V) B B K 52890mg/M D[] T 7~8 /K HEZ L XTI L 7=, A%
FTAL TR, KEFXITELTHEIEY — 70— VTG T 5 HIEN R TH DA,
ARFTCIE, B EZT 2 2 H 95720 friE ®OMEHRKZY — 70— VI E R
TLTBMLE,

Initial oil

Remained oil

Work piece

Rolling directio

Fig.2-1 Schematic illustration of experimental prdare.
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2.3 EBRER
2.3.1 EEFEICREFTBHEHEHEOHE

Fig2-2 |2V —7— L ~DOBHELZ LS T=856 OEER EO 2 L& R EAE L
A EIE TR L CORT, @ BVHEEO T NOLES ., Bl gL EH T EIE W E
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Fig.2-2 Effect of initial oil amount on rolling ldain the case of cold and hot-rolling.

2.3.2 REFEHEORE

Fig.2-3 |CV—/u— L ~OBMEZE LS50 — VA EDE{bE T,
OTEEAE CIE, B EE SR A EDL ML, BIhEAS 1000mg/m a1 5L, 517
HWEIT —EICR D, BHELEICB T, 2= LA MBI EAEN DRI, v—/L £
JEIEH FE 70 8 D JESAFE N BHEE TE | B ENZLDHE, B— /LA NG EIAEN
DIMENEIFNT HZEN BN TEY 89 KERFERLZOMMZRL TND, —J7, 2
MEAEIZ BV T, MRS E &R0 Bl EOHEINE EH IR A &Il
NQAYAAN

T BREFHEONERE OB EIZ DWW TS, POIEDOMELZFEL TRX,
Faua—VIZE N, vk n-~F o TRERY Vo7 AL —IZ Tl 2 i LT
L7z, Fig2-4 ITfERATRT, WTILOSREOS G, 0.001~0.002g DFEETHD, =
AU, 50~100mg/nt IZFEYS L, + 2372l E ARG E ChDH &AWL T=,
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Fig.2-3 Relationship between initial and remaingdmount in the case of cold and hot-

rolling.
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Fig.2-4 Confirmation of measurement accuracy byhBebextraction method.
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T — 0 — VR LTI L, BRI AL THIZEAEEE L TR,

(a) before rolling (b) after rollling
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Fig.2-5 Change of oil properties between beforeaftet rolling.

(a) before rolling (b) after rolling
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Az oNWT, B /WA AL &SRR F LT EOBRE R~ T, (HEIEDS
B BRICEAF LTl Bl — WA P LT E LI RIE R E O & TH D, m—/L/ AT
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JESED S & RN TYXNHLHM, BIMEICEDLOL T IR Lzl & X
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BT R EOFITBMEICIZEELY, LrLAERE, BlESZNLIKE
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IO, B A MG EIAEN DI ED AL 72O ThD, — 7, BREIED S & |
BIMEY 100mg/nt K07 A . o L SRR O AT B O A 2 D7 L
AEREEE 28 B<7aK  NTYFNREWVD IGHELED Y G LRIROM A THY | Bl =
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Remained oil amount (mg/m?2)

Remained oil amount (mg/m2)

(a) Cold rolling
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104 <& Sheet | |
108 87
102 08 -
&
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Initial oil amount (mg/m?2)
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(b) Hot rolling
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Fig.2-6 Relationship between initial and remaing@mount on roll or sheet.

(a) Hot rolling, (b) Cold rolling

(a) Cold rolling

105
104
0%
. o
101 /.,v,./..v’, - : ”” |
107 102 103 . 105

Initial oil amount (mg/m?)

Remained oil amount (mg/m?)

(b) Hot rolling
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104
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Fig.2-7 Relationship between initial and sum of aemed oil amount on roll and sheet.

(a) Hot rolling, (b) Cold rolling

-24 -



2.3.3 EEEE. R HBHEOZE

BV ERERF O 23T, AR L {HVE B RG EEA2R U7 BR oD | R SE fof B &
FRAFI B~ DA TN LTz, Fig2-8 (ZEMEEIMEIZIS T DI EIE W L D4 | Fig.2-9
(ZEAFHIEAE (2 351 DI T I B s D B2 8% /R, BARIEAE 23\ T, JEAEf 5, 7R AT
TSR, HE A B SOTH v I B AG BE DR BRI 0 RS e,

W EIE T, TEAEHE N @< D13 L, Fio, BB E N EL</RDI1EE n—L
AR MRS ZIAEN S <0 | BEEREBAME T U CHEIERT EAVIEL
BRHZERHESITND 89 LinLaendn, BAREIEDL A | EAEEE 2 E<la>Th,
BHHNE, BB E N &< 2o Th, U— 20— L ~OFEAFH BN 52 21372
< FEo, BELREDME U CEER EA /NS5 Z IR SN /en o7, BAHEIET
(X, B b SA RN A TR & SR O F R 23 Bk L7 BRI T ol E 223 b
A HZENTFHRENDLRE IO T — LA b ~DEARERE G T IE D6 & 5
I2HEHTHD,

-25 -



(a) Relationship between initial oil amount and rolling load
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(b) Relationship between initial and remained oil amount
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Fig.2-8 Influence of rolling speed on hot rollingotication.
(a) Relationship between initial oil amount andingl load,

(b) Relationship between initial oil amount and aémed oil amount
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(a) Relationship between initial oil amount and rolling load
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(b) Relationship between initial and remained oil amount
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Fig.2-9 Influence of oil viscosity on hot rollingbrication.
(a) Relationship between initial oil amount andingl load,

(b) Relationship between initial oil amount and aémed oil amount
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2% 600mg/nt ETOFPAIZIBUN T, FRAFIME OB & & IS BRSO HRIAK T
T%, HEROIFFEB] 50 | TR SEIR O IERIC LD E BRI O T LW T& D,
— 5, B\ AE TIE, 150mg/nt F2EE Tl R BRI 2MITIR T 2b00, &
LA EIZHHEA L COEEBREIT —EOETETHY , BRIEIEDL A ST B2 D5

SNV 4Vl

™
~ 04
[
0
O
£ 03
(@]
(&)
5
S 02
©
g
2 01
-+
©
35
o
S 00

930 © Hot rolling
O ¢ Cold rolling | |
O
O
S Q o O
Q¢
0 300 600 900 1200

Remained oil amount (mg/m?)

Fig.2-10 Relationship between remained oil amoudt@alculated friction coefficient.
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Fig.2-11 Observation results of surface roughngdaser micro-scope on hot and cold

rolled sheet.
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Fig.2-12 Measurement of oil-pit volume by sectiopadfile of hot and cold rolled sheet.
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Fig.2-13 Comparison of relationship between iniilamount and volume of oil-pits in

the case of cold and hot-rolling.
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Fig.2-14 Comparison of relationship between renmieamount and volume of oil-pits

in the case of cold and hot-rolling.

Fig.2-15 |24 A/VEy MARE L Wi R R BAR S O BR 2/~ 37, MIREIE T, B &R
2—/LERAFH OB E LB, A NVE Y MERER N, 37205 | TR A LR
THEEBITH R BEER MK T 75, ZHUSKL, BARELE i, Bl Eoe— /LA
HEAHIL COAANE Y MERIZ D 2R NEETHY, TR LR LN,
FEBREME FLARWZ EDVRIBES D,

T 04
e
C
:g 3 O Hot rolling
th 0.3 o <& Cold rolling
o
O
§ 02 ©
.0
2 & o
2 0.1
+2 O
©
S
o
(_“ 0 | | |
© 0 5000 10000 15000 20000

Volume of oil-pits (um?)

Fig.2-15 Relationship between volume of oil-pitsl aalculated coefficient of friction.
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Fig.2-16 Relationship between oil film thicknessl @alculated coefficient of friction.
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Fig.2-17 Schematic illustration of relationshipweén composite roughness @nd oil

film thickness.
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Fig.2-18 Schematic illustration of lubricant model hot and cold rolling.

-37 -



= B p-f + (1_ [3) Hb ............ (2_3)

ZIT, ;DA v R D EE AR I, B VST IR SO H AR EL 2R TH D, i ] EAE
TIE, WEZES T 28 BEERE O NSV IR AL R 32728 | BEEREUT
N5, ZAUTKL, BAHEE T, RZESL T IR IZITES T, 20729,
B=0 THY, MEESICEFRRLS, p=pmb &5,

BN A & 70 [T S OV VR A DR A LR D IO 45, ([ ELE T, m—
JVSARNO MR BT 58 TR O RN E e bTon | BEAEIIIK T2, £
T2 BTN AANVE Y IDFEAET D, ZAUTKT L, B EIE Cld, m— L SR D B
HepfihZ Py 1k CE AU, HOIE THEEMREIT IR T 95— L Rl
ZRELTH, AANE Y MIUTEAET RSN T BEAEITIKR T L, Zhid, @il
Dr— )L/ SA N T I OBk EE 43 A0 A3 12 K & <720 | WEREY e Mg 84 R &7
WD EHETE S L, TRENMED /NSRS 1 — L LR R AFAE L, 52 S I R e
IZHDHZEDRIBREND,

2.5 #8

Ra=0.02um LA FIZHFEEL 720 — 70— )L L8 A F O T2 JERE R IZ BT, JEZER O
T — 70— )LV RENIRFLZMEEZEL S5, iR mOA ANV E Y e BlEk 452
LI | B AE R O 288 2 v L O 6 L Ebi LT, LA F O A1,

(1) MAFEIETIX, m—= A ANAMIEBEASATZHREZOEINELLIZ, HEES
1.0um FCEBAREUIME T 2DIT%F L, AR ELETIX, 0.2um F2EE O JhRE X TR
BT+ T L, L, BICHEAESLTh  BEIREIIK T L2V, 2o X512,
AR EAECld, B EAE &3 B BB S R S T,

(2) MRHELETIE, EAMBESOIIMEEEIZ, AANVE Y FPTERS L, 0.3um R

-38 -



DOIHIEE S THRRZ2 A A NVE Y MRS EBIEERINDOITKRIL , BARFIE T, RS
1.0um 22 75580 WD TURSWAANLE Y MBSO DA THD,

(3) EAFHIEAE & 1 FH R AE O v BEAE O FFIE D UK L LT A A /LB M AR DA
BERBZBND,

EEZXH

(1) A. Azushima, W. D. Xue and Y. Yoshida : TetsdHagané, 93(2007),681.

(2) A. Azushima, W. D. Xue and Y. Yoshida : AnnRH, 56(2007), 297.

(3) BEMAEKE, Rt — HUEIED PR KRR, H A2, H, (1984), 216.
(4) A. Azushima, J. Kihara and I. Gokyud.:Jpn. Soc. Technol. Pla$8(1978) 958.
(5) A. Azushima, K. Noro and Y. lyanagiribologist, 34(1989), 879.

(6) T. Hiruta and T. Katsumuratf k&7 =t %, 19(2006), 991.

(7) E. Orowan Proc. Instn. Mech. Engr(1943), 140.

(8) A. Azushima Trans. Jpn. Soc. Mech. Eng., Seriegg1978), 332.

(9) N. Fujita and Y. Kimura Tetsu-to-Hagané7(2011), 532.

(10) A. Azushima: Tribology in Sheet Rolling Technolo@gpringer, Switzerland, (2016),
139.

-39 -



H3E BEEZEDOO—INSCADICEIT5EBMEBDORIERHT

3.1 #

RIS OFEZ R Y BVEE I T AN R EL 2D oD — 7 PR AL
TliX, = WA N COREMFHOZFEE 2 81T LA EfE ST,

(BT, EIRANENRH ISR L B S A R LBV SUS316 84 IV, E7-, Kifix
EECAFBE L 78 & U — 70— L & W2 B0 R SE R BR A1 T\ [EER DY — o —
VIZERE LTI EZ R ETAZLI2ED o— LA MNZEA SN HEZHEEL . S6I1C
MR I DA AN N A ZE B 2B 22 U7, BAEAE T, @& IRO SR & Bl 5572
O EE A B5- MBS EE MK T 95720 A EIXE T35 E 20607208, %
A A & TR R BE O3B N B SRR S AL, I, BB E DI L LB 1T, A &S
N9 DA A A RS AL, B FEIE L (X H e DB DR STz, L LZedn | i [T
DID7LAMRIRA AN E Y RBTER SRR E | m— LA S TOTE MO8 2+ 45712
AT DI LN TE TR,

ZHET, BHEIEIC I T D, m—/L SR A H T OB IR EE 5347 S0 43 A |
B2 SE BT S STV, 22T, RFE T, BVHEE I 5 — /L 3 Ak
AR TOFEEHOEBZHMEIC T 5284 IS, m—/L3A A A TOFVEHOZEE)
(W TEAEIRAT 24T\ TR O EE 3 AP L 73 AT SHI21E, B RE S 2 HEE
L7z,

3. 2 fRiTAx

AAFEAT D HIBE, Fig3—1 (TR 812, BAREIEIZIRWWT, U—ra— /LR DY)
HEES to (I2xL, B— A A MNIEASNAHEES t1, T70b6, B— /L SARAOT
PN DS EIR T DR COMBEESZMEHTHNC RO DHZETHD, Fo, ZOFEDOHEDH
FE A5 BN E i 2 s RO H LT D, UV — 2 — L OYIHIHEES t,4 0.1, 1.0, 10um
D 3KRAEITH L BAGEESE RO T2, U—ro— L2 RIEARE OEFESEX, Table

-40 -
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Oil (273K) ; t
Strip (973K) Analysis area

Fig.3-1 Schematic illustration of a numerical as@yin this study.

Table 3-1 Analysis conditions.

mill 2Hi @340mm
work piece size 2mmt x 100mm»
rolling velocity 50 m/min.

reduction 6.0 %
oil kinematic viscosity 110 mm?2/sec
rolling temp. 973 K
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Setting of rolling condition
initial oil film thickness (¢;710, 1.0, 0.1um)
rolling speed (50m/min.)

\ 4
—» Setting of introduced oil film thickness

A 4
Calculation of oil film temperature

A 4
Calculation of oil film pressure

A 4
oil film pressure > yield stress
No Yes
A 4

Determination of introduced oil film thickness(¢))

Fig.3-2 Flow chart of the numerical analysis irstkiudy.
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Table 3-2 Thermophysical property values in thialgsis.

coazeurcr::?vlity specific heat
W/m K) (kd/kg K)
oil 0.16 0.0012xT+1.2
strip 25 0.8
work roll 50 04

Work roll /

1
1

: =
Qil )
1

1

\

\

Fig.3-4 Enlarged view of the analysis area in #tisly.
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(a) High roughness / Low contact pressure (b) High roughness / High contact pressure

contact area «— -« -«

sheet

(c) Low roughness / Low contact pressure

Fig.3-5 Schematic illustration of contact area kestvwork roll and sheet.
(a) High roughness / Low contact pressure, (b) Haglghness / High

contact pressure, (c) Low roughness / Low conteetqure
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Fig.3-6 Temperature - viscosity curve of oil toused in the experiments.
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Fig.3-7 Temperature distribution in thickness digat under each conditions.
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Fig.3-8 Analysis results of oil temperature chaogestrip side and work roll side

(to=1.0um, t;=0.25um).
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Fig.3-9 Change of oil film pressure against théasise from initial point on hot rolling

(to=1.0um, t;=0.25um).
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Fig. 3-10 Determination of introduced oil film tkizess from relationship between oil film

thickness and oil film pressure in the cas&®t.0um.
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Fig.3-12 Analysis results of oil velocity distrilioth on hot rolling {p=1.0um, t;=0.25um).
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Fig.3-13 Determination of introduced oil film thio&ss from relationship between oil film

thickness and oil film pressure in the acals@)to=10um, (b)to=0.1um.
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Fig.3-14 Comparison of experimental results andutation results against the relationship

between initial oil amount and introduced oil ambu
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Fig.3-15 Comparison of oil viscosity distribution thickness direction on each initial oll

film thickness condition.
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Fig.3-16 Change of oil film pressure against ttetatice from initial point on cold rolling

(to=1.0um, t1=0.36um).
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Fig.3-17 Analysis results of oil velocity distrilbom on cold rolling
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Fig.3-19 Schematic illustration of oil film velogitistribution on roll-bite entry in the case

of cold and hot rolling.
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JEFERFDH AW ONT A &2 E LT, Figd-2 (3 8912, Bk, 30680 H
L7z@lmm OFHuigze | Bt ofibg o & FH RIS O IA AT, EAERR | B2 )
DHIL ., AAEROH X G BGFENTIZEVRD | (4-1)2, (4-2) & ETFHr ZHV, WO
Ty RdT= Y,

y:2 (f—l[ﬂni ............ (4_1)
1-r
_ 2
o \/“ {(1 > tang} ............ @2
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Table 4-1 Experimental condition.

mill 2Hi @840mm (Ra<0.02pm)
work piece size | 2mmt x100mm* (Ra<0.02um)
rolling velocity 50 m/min

reduction 10£1%

oil viscosity 110 mm?2/sec

rolling temp. 298~973 K
initial oil amount 0, 6,000 mg/m?
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Fig.4-1 Schematic illustration of experimental prdare.

I | tickess

@ rolling
e

" rolling direction
6,

Fig.4-2 Measurement method of shear strain.
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Fig.4-3 Influence of rolling temperature on thdirg load both the case of without

lubricant oil and with lubricant oil.
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Fig.4-5 Influence of rolling temperature on oilgpitolume.
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Fig.4-6 Influence of rolling temperature on remaimmé amount.
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Fig.4-7 Observation of shear strain introduced &ous rolling conditions.
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Fig.4-8 Comparison of relationship between sheairsaind rolling temperature both the

case without lubricant oil and with lubricant oil.
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Fig.4-9 Relationship between re-heating temperatncegrain size.
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Fig.4-10 Sample size of tensile test.

Cold—tensile Hot-tensile

+3 -3 um
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Fig.4-12 Relationship between elongation and roeghrafter cold and hot tensile test.

Cold—tensile Hot—tensile

0%

100um
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sample.
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Fig.4-14 Observation of oil-pits on height profdad micro-structure.
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Fig.4-15 Schematic illustration of relationshipuweén grain deformation and olil pit

formation. (a) tensile-test,

(b) cold-rolling without lubricant oil, (c) coldbdlling with lubricant oil
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Fig.4-18 Comparison of oil velocity at the entrgesiat different rolling temperatures.
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Fig.4-19 Schematic illustration of the oil behavior cold and hot rolling lubrication.
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width direction

Fig.5-1 Photograph of work roll surface after halting of ferriteic stainless strip.
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Fig.5-2 Cross section profile of surface defectsvonk roll.
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Fig.5-3 Photograph of surface defects on ferriggéginless strip after hot rolling and
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Fig.5-4 Photograph of cross section of surfaceaeafe ferriteic stainless strip.

Fig.5-5 Element mapping of surface defect ferritgainless strip by EPMA.
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Fig.5-6 Photograph of the tribo-simulat8k
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Fig.5-7 Schematic illustration of experimental prdare. (a) Heating of work piece,

(b) Transfer of work piece and (c) Start to rolliegt
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Fig.5-8 Comparison of rolling torque and frictiooedficient on tribo-simulator test

between (a) HSS and (b) SUS444.
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(b) SUS444

Fig.5-9 Comparison of cross section of work pieesMeen (a) HSS and (b) SUS444.
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Fig.5-10 Photograph of SUS444 surface after hdingpl
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Fig.5-11 Cross section photograph of surface defeStUS444.

Fig.5-12 Element mapping of surface defect of SUSEIEPMA.
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Fig.5-13 Schematic illustration of the stackingnfi@ation mechanism.
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Fig.5-14 Comparison of rolling torque and frictiooefficient on tribo-simulator test
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Fig.6-1 Comparison of lubrication mechanism andbethavior between cold rolling and
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