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Fig.1-1 Layout of conventional hot-strip mill.
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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 =
2% 1000mg/m FRE LW K&L7ep e, m— VR A E LR EO T B E LIS D
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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
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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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1 02 E]—Ei}:‘ v,.,v,v/.,. v/...
101 /.v,.,..v‘, - ‘ - ’ : “”’
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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
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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.2-8 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. 3.4 BEGRY¥LEZFHEOER
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Fig.2-10 Relationship between remained oil amoudt@alculated friction coefficient.
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50um

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.
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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.
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/ ty Work roll (298K)
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.

BB R L T IRIE S DO BIFRICOWTH L 2, Grigull S, [E{ARELHE k-4 DR
J& TR, BUTT BB D AL > TS D E L, (-1 N TRSNDEIREEIZ BT S

-44 -



TARDBURZEIZIUNT, (06 0y NIEEH IR T DIRE AR THY, MEkOEEE h &3
LHe. ZOENTREOIEER FRI5ELT, (B-4R 25TV D,

Q=a(ow-o)=-2-20 = (B~ &)
ay h

Thbb | EREE LA OB ERE alX, JIEEIE h OWEIZE35L0 T
%o WRBIE, AT AN /Sy R OBGERTEMHNT2ATOBR . RIS, iz 0/ yRET T
R OMIEIL Y =y MRAUZIEL | RO E TOLBIMrZESNLEL , HE D/ SR
OB TR SO WAL TGRODZENTED, Tz, TORBRELN
TR REFERIE, Sy ROIRENERERELL BT DIELEREL TD 2,

AWM EIERFO T — LA R A DIZBIT DY — 27— L R E O EIZ BV T, bk
FLEREEDARE MRV LD DT ARFHI BT | IS SR R O BV A 50T,
JEEXOWEZ LBl HELT-,

BN > TR LI T A4 A DO B BRI LR EN S DWW TR, Z<OHFFERI 0%, Ueoka
DI, #EAT L AHAE W T, REHI S E L2 2 b S S 7238 ATV, Rl
SN EVIEE | Fe, BEESRKEVIEE, BV BRI R ER0 RIS
Ra=0.2¢m D#& Ra=0.15m DO AT L A% 60MPad )+ /) TS =54 Bx
EELRHIE 80~100kW/NTK FREETHLEMEL TS I, [FFRIC, TESSHIN TA %
EHEAVNEUVNEE | HDWIE, BT TN RELSRDIZE | BRI N KELR2 DL,
ZHEOWED DL, Wb, Figd-5 IR T8, TESHIN TH oK HE
HLSAVNISWNNZE | DML, T IR K ELAeDIFZE TH PN T 3 BEfih L 55 <720
THEHI T OB EBAMEm RN <20, LRSI TH M OREFER e BVRE
RN KELI2DEIRARTND, ARFHIB W TH, V—7a— L SN T &I R L
X% Ra=0.0am EFEFI/NSNZE, HEN 61IMPatENZEnD, U—ra— L g
TS EBEREAR L7356 PR ERERIT 100kW/INTK J0H KELRDZENTREIND,

-45 -



L EED | AT I TR RSN T OB R BT IEE S I B35
ELL HBEESAY 1.0um DFEIZ 60kWINF K AR E LTz, HIEES 1.0um O%E1C Bk
LIZ TR MO T N EBAERL 7256 K0 SO0/ hSVWME SR D,

(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
r2-r

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.
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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.
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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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roll l ’ ‘

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.4-16 Relationship between rolling temperature eatio of oil film thickness.

4. 4. 3 FEBEIZKDAAAMIEVIERDOIEE
3EICBWT, EEREOT— L 3 A A B O I ENZ DV T, IO IR fEAT &

-75-



TEARFRAT 238 il U 7= A ARAT LIS DUV TRRFTL . m— L SA R H T OO 4 55 4 %
HEE CELFIEEARR L, FIEREIZED AV E Y MERCZE RS B R D R IZ D0
T, 2= WA NN OB BN B CEEMICHKm T D2 EIXREETHLHR, A0 TD
T B35 E 3 AT DL S  EMERICHEE LT,

4. TR A JEAEFEBRAR Y L LT, B 340mmO Y — 72— L TR 2.0mmaO Fitk
Zu—)LElREE 833mm/sec (50m/min)E T3 10%D 523\ T, [EAER 4 298,
553, 973K EZLEHTZBRDT— LA NN H GHIRE ) A3REARIE I C 2L - #R) 123
% JESTT O MR A 2w R LTz, AT T, FIHIHEE S 2 10um (7)1
& 9,200mg/m) L7z, U —2rm—/ L RO MRS iR OHAR I CHEARL THE | K2R
ELEUBNRITEY  IMIFEE SN EL A2 DL LGB ) 28 EJ-U TR O FARIG 125
THETOMMNT CThHD, FHTOFEMIL, STEIZFHEDIEY THHA, IREMHT TIL, o
HAWHZ L DR B OBRBETE 23, AT OBYRE, IO, MBS DR
T OBYREEZ B LT, AT Tl MR XE RS B DR EE IR Z B RE L, JEE
MEtE D =2 — NARIEZ R E LT,

Fig.4—17 |ZFEHTHRE R DO—HIEL T, EIEIREEDS 973K DFEDMIBEDIR /AT a <7,
SR EBEAR L TOB O M ENREE S EH- L CWBER 1235305, Figd—-18 ([ZIES M D
T S AT 2 A IR BE TR L TR, MRIEAE 2 D 298K DIGE | JES 7 A Tl D
AR —E THDDITHRIL, ZAHEREAE 2 D 973K Tl & Hefil 4 20T L 4
ALANEMRIZ 72D, 553K Dl & A BLOMEMT#E SRIL, 973K DA LIEH IR R Th
%o 298K DA | SR FE S W HTHENR N F L CTho 780 MEORE L —ETHD
DIZxL ., 553K <2 973K D4 AR DT — 27— L E4Efil 3~ 2] o JH B X B S FE 23 &
WEETHLN, miROH R A3 A OO AR FEEDS EH U CERREE MK T L,
MENL G <Ipolzlzb B2 D,

-76 -



533K

t=10um

Work roll 273K

i £ 70.38um

Fig.4-17 Analysis results of oil film temperatunstdbution when rolling

temperature is 973K

3 1.0 roll side
2

£ 0.8

.©

S

< 0.6

s

= 04

(2]

8

o 0.2

2

"&,’ .
E 00 sheet side

840 820 800 780 760 740

Velocity of oil (mm/sec.)

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.5-11 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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