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Back-up roll

Work roll _[Slucvc/j___:_.

Shaft
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Driving torque

(a) Hot rolling roll. (b) Pickling roll.
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(c¢) Galvanizing roll. (d) Strip conveying roll.

Fig. 1-1 Typical sleeve roll and roller in steel mill.
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Fig. 1-2 Dimension of typical sleeve rolls.
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(a) Outer surface.
d=x U - S-SR
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(b) Inner surface and fracture surface.

Fig. 1-3 Broken sleeve roll.
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Shrink fitted

Driving torque

(a) Central cross section view of rolling roll.

Reaction foree from back-up roll P Sleeve

Bending force ) [ Bending force Py << P
Reaction force from hot stop £ = P

(b) Axial section view of rolling roll.

Fig. 2-1 Schematic illustration for real hot strip rolling roll.
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H. B, KR TIEAMML LELEOHE (S FR)OAMOFHE RG2S HT
51101, £/, R 22ICBWTHMITET VERTN, SEOET VL 2RILET
NToHHID, TOBRMBIBEMESIDHLZVOLDOTHL USHTBLXR MLV B
k). JE TP, K PhB RO O T 0 7 )] Poid #9060 o BfR
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LTHRY, EMEENTICIE

ETPmOT M ET 5, MEAEo 1 RERZ AV,

2.

Sleeve

I Shaft
I(RJ;_. rid)

(a) Rotation of the real roll.

—a— b TV —EEHEM

EEWREZEH L TWA[19]. BT 2 A4 71350

ZHIT 4.6x104 TH

-b—’-b -=eeoe

P i
|{Initial load) _ fm.md Ioar.l} ﬂllr-:;;:ud]

(b) Rotation of the roads in the modeling,

Fig. 2-2 The rotation of the roll replaced by the discrete shifted loads at
interval of the load shift angle ¢o.

RN I Elastic body
Elastic body,

Rigid body
(Displacement and
rotation are [ixed)

P: Load form back-up roll and hot strip (N)
& Frictional force (N)

Py Bending force from bearing (N) <<P
1% Driving torque (N m) = SD/2

{a) Real roll.

(b) A simplified model by putting
(1,8, Ps=1).

Elastic body
(Steel)

Sleeve
B, =,

Shali
—My

Rigid body
(Displacement and
rotation are fixed)

& Circumferential angle of sleeve
@, Load shift interval
o Load shift angle

(c) More simplificd model by assuming
rigid shaft (T, 8, Po=0),

Fig. 2-3 Modeling of FEM 2D model.
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Table 2-1 Dimensions, mechanical properties and boundary conditions of

roll model
Young's modulus of steel 710 GPa
sleeve E
] Sleeve - -
Mechanical Poisson’s ratio of steel 0.28
properties sheeve v ’
Young's modulus of rigid
Shaft shaft Es *
] Outer diameter of sleeve 700 mm
Roll size -
Inner diameter sleeve d 540 mm
Shrink fitting ratio &/d 0.5 = 107
Shrink fitting Friction coefficient 0.3
between sleeve and shaft u .
. 13270 N/mm
Goncentrated load perunit | poq[. 1,327 x 107N
a Rolled width: 1000 mm
Ft:jct:ional force per unit 0 Nfmm
External force thickness §
Motor torque per unit
thickness T 0 N/mm
Bending force from 0 Nfmm
bearing P,
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BER DI O 7 ) — 7 KRBT HICH 0, AU —7Nm & @k m i o E 5
X ZEMICERT 5. @ HIETHR @Y, AT TR EE L7 R 2 B
MLTWwalew, 2V =7 REOMIENME XY =7 Fmofbxt 2L RnEL
W Z0kH, AV =75 OE G mAESEMITRE 2 ) — 7 ORI AE AT
E, wOTONg) LRFETDH. K24, RV =T RAEET, HEBH =0
~p=p &R HLEO, AV =T REORITFENM u, O (0)DERERT.
2T o IMEREOMEBTHY, QIFERTIREONMEZ/RT. B, i
HP)IE, o= CEHESEDIMEE g=p+n IT/EHSEIMEEZFITAAT T
ERESEL2bDETDH. LoTits @ L& PO)~P(p)lE, HEZ g=0~¢=
plo=n~p=(p+mERTHITFEE, 0ITBT DAY —TEN ug(0)% &%
T 5.

WA, FRATREEE L MEAT RS ICBIR T 2 M EBBHBIC DWW TERT 5. AT
fERITMEBEER o ITIKFET 20, RO L, YIa2b—va VOKE
HEZRDBRVEET, TEL2RETRER oz AT 22525, K 2-5
M EBBHEAAE 028, BICEZRLEZA) —TOHMENT DL, AV —
THHEDOR ADEMIZEEITTEEL go=025°00 12 OfHICELSE T,
TNDLD oIl THMMANPIZIELET D 9g=24°FTOEH T/HRT. ZZTIE,
BWEORER/NTIEICHY L, v — L OERGEEEIZE VW EE R D go=0.25 ° % L%
WL Tgo=4° 8° KUY N2°OFRREZLIT D, 00=025°ZxFF 5 po=4°DFH
MNARZET S5 %A T THLOT, UTFOEMEY I 2 b —va »r TlEMEREHEA
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fh po=4°LT 5.

2-6(a) I WL B DL P AT E P0)E A LIz & & 0w (0) 27T, 72K
26 P p=0/1b p=n ETHB L& &0y, """ (0)25 QI p=2n &
TR LEL 20 u " (9) &R, K 2-6(IRTHMEP A ¢ =010
bbHEEIZIE, AV =T OEMMIIMENME(p = )KL THBHBOE THAMLT

BOAQR-HTERIND,

~u® (-0)=u () (2-1)

EHMEPN g=0mbp=nB L Wp=2mE THE LI L& DL ()

X, ZoxtBmEN Kb 5 (FH(2-2)).

_ug’(O)NP(er) (_9) - u;’(O)NP(er) (9) (2-2)

4 3-6(a), (B)ITIE, ZOFEHMEulD) BECu, V"R LTVWS, 22T,

0,ave.

2N =7 Fm BN O FIEJEIZROKXQ3)TERSND.

- 1 2= -
up ) =), u """ (8)deo (2-3)
MW E PO)YDOEE, B ORFME? S EMOEETu)) =0CTh s, —,
WEN p=010 p=9 FTHBLEHAE, BMOMHER LD D LI,
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B 2-7 1%, AU —FEMOFEEE VM, L FRAEBEA o L OB
BTHELELODHD. K27 XV, HEEEMA ¢ BEINT 51220 T w070
EEAREICRNT 2 2L R3S 05, 0L LY, HEOEESKED S & R

W, Rmo U —TNEETHZED NS

~%§1ﬂww@ b

0 (0)-4""(0)

i
!

|
] |

(a) Definition of P(0)~P(p)meaning the pair of the loads  (b) Definition of the displacement ul‘;‘”}“‘”"} (#) meaning
shifting from @ =0 to @, and p = n to (n + ¢) as P(0)~P(p). u (8) due to P(0)~FP(gp).

Fig. 2-4 Definition of interfacial displacement ;""" (g)due to the shifted
load P(0)~ P(gp).

0.12 LN B R N R BN R BB

; 1IN
0.1F :
— 008f
= ! F = 13700 N/mm
E o006 |
= 004t _
- . ]
T :
f;;“ 0 _
-0.02 )
ROl R S S R [

w (%)

Fig. 2-5 Effect of the load shift angle ¢o on the displacement """ (0)at Point
A due to the load shift ¢ = 0 — ¢.

31



9), H;f‘.“.L (mm)

Pl
9

0.05 e — — 0.05 -
I I 1 ’é‘“ ¥ Load Load
0.04 ] E oo % AR 6 w1 0,034
0
) o \ Average at F{2m)
0.03 : £ 003l
o
] i P[m " (g)
0,024 Load ¥ 55 002 | Uy =0.016
1 ,a-b-, Average at F(n)
001 () [0 0 1 = oo} : ”'_‘”“‘“' 0= 150°
0 ﬂﬁ? 1] - “—"C].-‘u crage at A(0)
4 == /
T = ]
_ﬂ ﬂl i 1 q i 1 L I 1 L i :$ _u {'” L 1 1 L L
- ISL'I -90 0 a0 180 - 18!] -90 a0 180
7(%) (%)

(a) Displacement due to the initial loading P(0). (b) Displacement due o loading shifi P{0) ~ P(x) and P(0) ~ P(2n).

Fig. 2-6 Displacement comparison between due to stationary load and shifted load.
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Fig. 2-7 Average displacement ug(n)mp(w increases with increasing load shift angle ¢.
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{a) Under the initial loading P(0) {b) Under the initial loading (0}

Fig. 2-8 Comparison of slippage zone under the initial loading P(0) and after

removing the initial loadine P(0) — 0.
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Fig. 2-9 Residual displacement ug(o)%(@) in comparison with u:;(o)(é’).
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Shrink fitted

Hot strip

Driving torque

(a) Central cross section view of rolling roll.

Reaction force from back-up roll P Sleeve

LAAAAAAAAA

Bending force Pp << " Bending force Py << P
Resction force from hot strp Py = P

(b) Axial section view of rolling roll.

Fig. 3-1 Schematic illustration for real hot strip rolling roll.

Fig. 3-2 Schematic illustration for real hot strip rolling roll.
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IL=¢ Eﬂdlbm,ﬂ,shﬁnk (N m/mm) (£<1) (3-1)

T =aT (N m/mm) a=1 (3-2)

T dIFEER AV —TNRK), hidr—VIRE, pidd - 2V -7 Ho
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BE#R D A SR THER O ~HiE, WK OM TREEICHE S, EEEROEORT %
EbT. AV =7 - WHICBT DAY —TEP b 7 IFEAESRME(E=1, L =1
mm, x=0.3, o,=-21.6 MPa, 6/d=0.5x103, 422 % 8) T 7,=3193 Nm/mm
Ll EWMEE LY T, T—F—DEWK ML Tn=471 Nm /mm (N
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W, i hv 7 OBEANZELT, BIEEE—XA 2 OGNS EEMIC L -
T, AV=—THRICHLELINDEESRMFICET 2EAM N S, GB-3)TK

5.
D
T, =55(NWM) (3-3)

T—H—DEMK MLV Y Tw=471 Nm /mm D545, X@4-3)L0, BEED (ALK
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J1)I1X S=1346 Nm /mm & R F 5.
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U, m— RS ES, v— A KEOH G A EBE T — VAR 2 R
T 5[10-11]. ¥ 3-3(a)ix v — A RNEEET 5 EEr — L Th D0, 2T xX 3-3(b)
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DEMIZHE LW E2ERT 2. Thbb, BLu " (0) 2Bk 2 & 1)
270 —=—7a2RATLEDLENRD.

#3112, MATICAWD e — LT ILSFIE, BBOEER X OB R &G %2R
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PERRBEAT 0T, EEMAIEEZEH L TV 5H[22]. MITX A 73 EFNEE CFEE
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(a) Rotation of the real roll

(b) Rotation of the roads in the modeling

Fig. 3-3 The rotation of the roll replaced by the discrete shifted loads at

interval of the

-]

aw
FTILL

et
> i

Elastic body,

1

"=

)

T LA
L

P: Load form back-up roll and hot strip (N)
S: Frictional force (N)

Py: Bending force from bearing (N)
T: Driving torque (N m)

Tm: Rated torque of motor (N m)

Ti: Slippage resistance torque (N m)

(a) Real roll

-u)
Rigid body
Rigid body (Displacement and
(Displacement and

rotation are fixed)

load shift angle ¢o.

Elastic body

amnnr®
amn
LI

Elastic body
(Steel)

Sleeve
Ug = Uy

=H:iﬂ) Pia}(ﬁ;)

rotation are fixed)

T=0~10Tm &: Circumferential angle of sleeve
107w > Ty =3193 N m /mm @, Load shift interval
Tm_= 471 N m /mm ¢: Load shift angle
Py=0
(b) Simplified real roll model

(c) Analysis roll model

Fig. 3-4 Modeling of FEM 2D model.

Fig. 3-5 Standard FEM mesh model
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=2nx5, T hbbshHEIEDE, BAN1REEOK 25 FI275 2 & %R
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O PBMEROEM O E D —ET 5.
— ), BABMDPMER LW o =nlllEBETSL, M Z7OFET, ZOMW

MOFT XV TOYLMNRIENTIHLNT, B uyOMHmE—HT 5.

v

1Hm~ﬁm

x

N
. . Ty S

(a) Define the pair of the loads shift from ¢ =0 to @, (b) Define the displacement u,(6) due to P(0)~P(p) as
and p =m to (n + @) as P(0)~P(gp). P(0): Ple)
iy (ﬁ} :

Fig. 3-6 Definition of interfacial displacement due to the shifted load P(0)~ P(¢)

u 11072 ()

#.T=T,,

Load " Load -
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Aok A=) ) 0296

0.04 [ 70 ")

uﬂ' =
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(0. ) (0).4® "6 (0) (mm)

0.02 L i
[ tgrr (6) W) o =0.0003
S ool
0 a0 180 270 360
Load (P + 5) (P) (P+5)
4(°%)

Fig. 3-7 Displacement due to load shifting P(0) ~ P(¢)
with T= Tm when ¢ =0, p =mwand ¢ = 2=
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uy. (8)
0.005
), (6)
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k.. ]
0,005 L
-0.010, 90 180 270 360
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Fig. 3-8 Comparison of displacement distribution
when 9 =0, T=Tnand T=0
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180 270 360
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, .r ’) 49} \\?/

Fig. 3-9 Comparison of history of displacement
average when 7'=Tnhand 7= 0
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(a) T=Tw=471 N m/mm (S = 1346 N/mm)
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Fig. 3-10 Comparison of slippage zone” under the initial loading
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Fig. 3-11 Displacement distribution by varying torque 7 as 7 = 0,
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Fig. 3-12 Average displacement vs. T/ Tm when ¢ = 2.
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Fig. 3-13 Average displacement vs. d/d.
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Fig. 3-14 uﬁﬁf_f(jf} /u:_(a(ziffo’r) vs. 0/d when ¢ = 2m.
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o TWD., ZTHETICS, =T 0BREGHEEHICLVMEL T, HAMLEM
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Mmool AV =T 2 M EREME - TR - R ERTZE T Iy T A
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MOBEIFIAARTHY, hOEEGEIFEH T RN L 2R LE[5-3]. EbIZ
—ZMMAMBICET 2 BT HLERHLHOT, BREASILI-MEET
X, WHEARCICHARNTAY =7 Ll s 2 BN SHE LT 0 s 0 5 Fl
»HD.

TIIv I RAY =T EBRIECEST OMEICEL T, ZhE TOMZTH
L INT-FELEET L., FEEIL, T ETITHERE 600 mm OB KE
SyvZue— M bET Iy X)) rERERMERD > S HICHET HICY
D, ETHMARAMEET LV EZ AW Te —LIRIER OIS ) & AT LIz (4]0, #
BEOMBHTIIAT > TRV, KIC, BEE270mm 0T Iy 7 Af®RAY —T7 &
P A e D L ZHMEOMRMEH r — T 2t RIT, v — T ORBEHRES
ICAECDIS T LERREGRMEZ M LIZ[5]. Lo L, EED 600 mm
EHEAAOAIRBEHEI Iy /70 —J12o0WTIiE, IWEgue—J BB EN
VEL SN, SHECEBRRBEMFT N LRI TVARY., BFo—F %, 2V
— 7 OEENPEMEFEICEXRT2/HEUEREVSORH Y, AU —T7 L L o8k
AMEPHER LOMAEDLEICITERNILLEZBE T NSRS FTHD.
ZOXIBRRBER—T 5T I v I R THRT DI2E, M 5-11I277T &
IRAN—=H =Y T ERAVWLHEEP AR CTH L. 2O, AV —7H AT
OITRESSL, AU — 7wl - #hin A LA EOES TOIS N OE R E
L b. BT Iy 7 AT N ERES NS, ERAFICATSNE
RGNS BWEICORND. Thbb, ME, MEAMEE OEEMENKV6] L
W, M, N T SR CEA R 72D, BT ORI 8 R g b
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VN, ZIT, RMPRETIE, KB —FoHhER) —T 08T Iy 7D
2 ETHER, EII v IBEMOIS N EFEMICHEF L, &Ko R#EERS D .
BAERMIZE, M4-1 00X RY =7, 2= —U 78 L O KO
B, BEREOTmO LT FEMROIENRARTHSL Z LICERL, &8

BN L BIE N &AM RMT 5.

. . .. Ceramic sleeve Width of strip=1200mm
(_erarruﬁacmg ring | le i

: ! \ 5# ¢\* w * 1* w" 100N/mm

I

A
= 2
— - I: _—
WE A
- \ 2200 - T T
Steel shaft >l ) 1927.5 i
(a) Dimensions (b) Boundary conditions

Fig. 4-1 Ceramics roll system (mm)
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7 A, WEE#MLE TS5, T LTENENEEESREDOHE TARAIROPEHKRDIET

BEETOoMEICERL, AREAMICAET LN %E, AREREL T 72 ki

Fickvkds., BROK 22 —TRODABLHBONE d(AX—H%—U 7

DHEZEZRNTE LW) TRLUCMEZBERR 6/d L ERT L. #ES - 2AX—H —

Vo 7MoExRBIEL, A=Y= 7 -2 =TT zRRKELTELSYE

7. 22T, AX—H—U T« R —THD 6/d=03x103 , A —TH

FEh=30mm DG EEEXMEET VLT DH. -, BEAWOBEEMEAEKIZ 03 LT

5. BEmOBEO R — T HEARBICENT, #WMITHEMSE T, WHA Y =712

TN Z D RIS KD oA B (H AT mic T E A DA s (X

4-1).

AR TIEARN=H =V 7 « 2V =T OREHRE LAY —-THEEZEZ

TRRICBNFE~OE BT 5. Eo—F TIEMBER & EMIT 25600

L0, THNICEDBUS N ITZERE LW, £, RV —TMELLTET A F
FEITIvIZREMW, #l, BT I v 7 AZTNENOYIEEEZE 4-1 2R,

I I v I AFEI OB EREALA LN ENB[T7], ZIRTTHMEMNT & L.
N — R EFEE BN T 5. FHEE 42920, i 53382 O %A O K 5 HIfF
R 4227, ETFTMVITAHEEERL, 2EFD 1/4 xR E LT, BEKD
BLOGAMEICL > TAELDIEKRGENB LG IIREZ KD 5.
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Fig. 4-2 FEM model

Table 4-1 Material properties

Ceramics Steel
(SisNy) (Hv220)
Young s moduls 300 210
(GPa)
Poisson’s ratio 0.28 0.3
Tensile strength 200 600
(MPa)
Fracture toughness 7 100
(MPavm)
Fatigue strength 200 300
(MPa)
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4.3 BREFREEE

fRATICE D, BT Iy 7 2V =7 O KGRI IEBEHKR O BA E o [ JE J7 m
6 o9 E LTHELDZER oD T, ETHEKRODBEOHEAIICAELD %
Mmatd 5. K4-3()ic AV —7E 30 mm , BEHRER 0.3 x 103 DFKMET, AU —
TIWWELLEEROB LI OITAMEOHRE RIS iz rd. AV —7FBX
NAN—H— U o Z MBI p=5mm O REEE2 1T WD, K 4-3(a)
XY, h=30mm OBFEMJE G MmO KME oo 13 AV — 7 AT O & A
ZBDHE—F LIZALT 99.6MPa Th L. —FH, AV =70 HEWEE (h=10mm)
WZIE, B 44T X o0, BEERIG N O R KIE oo X, AV —7 & 30 mm &
R A==V U TEBICHE TR —THAEREIZELD Z ERGho
oo 2O X IDITHBERICE DR KRISTIHHIRIZAET 2 812 D0WTIE, FEM722 B
MLERT-OHBTELETDH. 22T, HAZIVFEMIAD L, K 4-3)D XK
I p=5mm DO EV ALY 0=34°BNTNDEN, AU —THmHEESZ
LIZT 5.

Wz, BEmmpEor—JZICMIFANEMA AR, AU —7WNE W A =30 mm
DA, K430 RT IR Y =728 2 HE G R T) 09 D 53 A0 1L BE K
DHICHERTIFEALEE T THTICLIEE TNV, HITICKD oo DM
Bx on T DHE, go=0os+opEKIND. H430b)KY, opsmax (TR CITE
U, BEMRDIEF DR KME LY 4 MPa X EHINT 2. Z O K{E 103.6 MPa I%,
Wit Ty 7 MOBERS 500 MPa [81ICH: 3 < R EFRE 333 MPa (L& %
1.5) Z R FE > TV, BREEO Y 27 3w Hans. —JF, X
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U—TENRE N A=10mm OFE, X 4-40)DO L HICHR BRVABIICELD
SIS oo X AR E O AR LY 205 MPa N9 5 A%, REHMEL ERS Z &
T2, HL, RV —=TERELS, BEREONSRGEIT, ZORY TR,
h =10 mm, 6/d=0.3x 103 TIITLEEN 1.0% FED (4 4-7)8). 7P,
AR=H =V T D 6osmax \COWT SN EZIT o720, TOMEITAY — T4
U2 0osmax \CHART 12 BEL/NI W, TZTUFTE, AV =724 LD

NZONWTOHRRAT 5.

! {103.6

|92 Ol 4 =99.6MPa
e
A

G A o T

g4 =98.9MPa

+ R > bc,
83 mes=103.6

-08 'lﬂ' F:'
: Tashar =g, R
< #slA sl gl =99.0
(a) HEiROHIED oy, (b) BEMESHM+fF I L B8

Fig. 4-3 Stress distribution (42 = 30 mm)

T |"= 108.0MPa

T~ 128.5MPa

1 108.5 B
113 \
Lm
82
66

B‘ Tl = Ty B F:F,.;|H-=124,3

(a) HERDIEN o4 (b} BEBOIEH + B L S

Fig. 4-4 Stress distribution (4 = 10 mm)
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4.4 FEHWE

HAETZAR (B = 30 mm) ICBWT, BEHRE d/d 22X ETLLED g BEV
Gomax & X 4-5 1289, BEMBED /NS WG, S coRhETOFBT
Oomax (TR E WD, BERFELZRE LT ERx A L, 20%, 6/d=0.11
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WCHEEGE L CIRIEPATICRIBRICEINT 2. A2 x <, FAWMICEDIEN
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Mo, BEREZ O DM (RAFERE) LV RKELSTDHE, AU =T L 2AA—H—
Uy 7 REELEREICRZEZSZ2ZOND. FAKRRBESZIIRIC/PEROMEM
— T OMETHLRONZSIBFHFEMARBLZITIT RO >0 T, KETHREHT
5.

Bl 20— 7 OREHICH T ENSARMN N DEE, WL \Z A8 T 20 )
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oy oIS R, FEIE D E Lo T, MARKEZ AW CHRERTFZTH. K 4-
6(a), (b), (NZTH AV — 7 HEIZEI} HEE Goodman i AKX % 7R 97[9-10]. =
DM AMRMK TIX, ZBEEEZBEL TRV, K 4-6(a),(b)L bV, AU —=THNEWN
h=20mm B L 30 mm OHEIEL, T XTOLEMRE THEITIZLDMEIZRHL T
BMWEENERTLZENSMD. LovL, AU =708\ =10 mm (X 4-6
(ENITHBWTIE, FFITHEREND /NI §/d<0.1x 103 O% AT, JFEFHHEE I T
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DVAIBRELIRDIEDDND AV —TEIZEZX THRFLEKEND,
A2V =T REWGEETIE, ©LABEKRRLEZRE S LEFTNETITH L TLEM

LR D EBW LN,

]j‘ﬂ P T T g T T T
L =
b=
£100f 7
=
§ Thma
%" 5{]:—
s

ﬂ L I I s s s
0 005 0.1 015 02 025 03
Shrink fitting ratio

Fig. 4-5 09 vs. 6/d when h=30mm (0omax = 0os + Gop)
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(a) aw vs. gw for F=30mm (b) @ vs. g for F=20mm (¢) o vs. omfor F=10mm

Fig. 4-6 Relationship between endurance limit and mean stress

when 2 = 10mm, 20mm, 30mm (Safety factor =1.0)
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4.5 BRIR LBk D E O BEMIRE OB

I Iy — L OEGE TIXEES MRE O D BEKE D AR A K THL O 5 ik
FREZLR . 22T, LX)y RBEREREMONWIEIRERIENEZ/NNS L TE
D BERRE O MR B AT AN TR T 2. K 4-6 128V T, —E D PR (R
SBeik=) L B L, IFIZ R D7) oo DIZIE—EDIERMIZ D Z & &R
L, ZOHEMELELTRAY =T A=Y=V IFRBEEFREICRD Z & 2R
o, 22T, ZOZELH2LD—MELTERDIEOAYV —TEIEZEZT, B
HREOWEIMZ L D2FRBEOEGEZHFH N, KM 4-7(ICFZORERE =T .

B 4-7(a)lE 6/d W2k T D2 RIETT Gomax DEHZH 72D T, £AV—TE
Eb, h=30mm OHFAH L RKOM/NMENFMALET S, K 4-7(b)ix, #IFIZ L DS
HopDHZWRYVHLT, dICHTLHEHELZRLLLOTHL. THERD R
— 7 EIZEBWT, 00— EDRMIZES D 6/d DRFHEDFENH LIS,
A2V =T NEL 2D 0/d ORAMEITKREL 2D,

DEIN, 3d ODBRFHEDOFEL, AV —T L AX—H%—VU > 7 [ O HEMIRRED
Bk S5< b Bz, gRkEoERMEZRRZ. 22 THE, BEAHA2HK
DG b O BE R AT S, K D R R S DR S/S. & A % Bl (iE AH) L
EERTDH. MA4A-8IT Sa, SSOFMIRIEL L HIT, £ AU =T RS OF L)k
Lo BEm R L OB EZ/RT. K 4-8 (D) ELNIE, h=20mm, 30 mm TlEZTh
ZA6/d=0.15 x 103, 0.25 x 103 (C THMEMEPITIE 1.0IC#EL, & LoD
PEfitimfg S 2R, PP AMIncRBTCORmAEMKREICH D 2 & BR

76



Uﬂm [MFH]

Ihd. ZOZLFRAV—TR vy 7 b —KbLIE#BE L5 LEEKL
THEY, ZhoR—FbINTRZMETRDLNT o &, 6/d=0.3x10712 TR
D HNTE oo DIEIZ—FT LI ERENDONTZ. £ AT, AU —TENEK
HE W 10mm OEAICIE, AREMEN 1O0ICEL TWVRWVDR, ZOHRICDN
THAESICTEREND EEY (K 4-90) HA AU — 7 BEEHRIREICE N TR
N—=H— U IR RS E T A Y =T R ST, AX—H%—1
VIDOLEND N o TEBY, HTAMICE o THBEREMT 5720 L%

z % (¥ 4-8 (a)) .
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(a) ggmu & &/d & DM (b) o & é/d & OMER

Fig. 4-7 0omax, 0ob vs. 6/d when A=30mm (Ggmax = 04s + Top)
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Fig- 4'8 Sr/Sa V.S. 6/d

Rl =
o i ria R
= _ar
Y 2 fiOWH:
| Az
' 2
| Ar=4z%x500
(b) k=10mm

Fig. 4-9 Deformation and contact status due to shrink fitting.
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4.6 AV —THAEPEVRBESIRERERICANBRAY —THRICEL ZHE
I I v/ n—LOESICAFROBEKRIET, @ & Rl D50 7R BE R IE
ThHHOT,ZTORKIGNERRDLEND 2 0NMBEIC /5. @ OBE#RD TIX
RRBIEIEAIEHEICHAHBONEIZCELD. LrL, K442 T X110, A
U—T7RHEOHW h = 10mm OFAITIE, BEROICKD2HEKRIE DI EICAET
HZDX DRI BEROERAOMEL BB T 2720, M 49 ITFEEGWICE
JoEMREE R T OERBREEZRT. AU =T HNEWV b =30mm DA
WCIE R Y =7 oHESWEmAEML TWAER, h=10mm TIZHESWO N5
HEL TRV, FRIMOELADBAE TORRENLIICHAZD.

¥ 4-10(a)icix, EW A Y —7 h=30mm (Z81F 2 BEHREIZE U D BEHRIG T 0os
LEBIT o, on DO E AT, KAIZ, 2 Wt HEERIZEB T D BEKIS T O B
MEEZ LB OEDIZRT. K 4-10)TA Y — 7 Wi EICAE T D RIS E o
TREATDHE, A=V =V U I HEEMBAATICET D o) ORKRMEIE 2 RocH
ME LY 8 NRERE WA, oL imHfMtircizizE—%+5. —F, AU —
THE FICAEC DSBS ) o)t & 2 WonBmME L b+ oL, AXR—H—U
JAEBHTIEE-HL TSI E08bn5. $£72, onld, AX—H%—V v /il
AT (z=0~30 mm) CREL D L, S5 30: 40 mm TS E D i 1 5
RZELT, ARBOICIPNEER LYV RES D, 2 KeHFEAY =728 T
DEEMRIC AT, AV =T NHE TREWR, KFlo X > TEHDEEROSEAIC, 4t
HCRKEL oD T, ZOHBIZOWTLUFIZERT .
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X 4-9 KO 4-10 #2512 LT, AX—H%—U v Emmfinicsids Ry
— 7L DM ERREEZK 4-11 O X ) ICERILT 5. K 4-11 (a)lc B
WT, A= — U > T EMBEMIZEIT Sz p=5mm O M HLE O B #% 1 8 il T
7 oops OFEWEHEAH DR, ZOEBICEB IS5 AY —THEO XY —7 Nifi b
WAL DN o & o IFEMMIC KRE < R D[11]. £OFER, Z OfFix o Bk G
Hol i, TOEMENNMESH, thoFEEE VNS AB. —F, SAEEO
BEHRIZ X DIS DT LTiE, ZOEMISH " ITIFEAERBEL VDT, Bl
HaERICblzo CIEE—HRMEE2LEDL. ZO XAV — 7Nl ORI 11
B IS BT DBEMRIE ) o DR BELEEEZ T L. ZDD, o' BNREWVWEL O
CUIENE L o TEDEWA DAY — T HE LI A U 5 HEHIE S S H RIS K
ELLRDHDOTHD.

wIZ, K 4-10b)DEHERN A Y —7 h=10mm DFAEH 5 L, h=30mm DEFH
R, RV — T A E THERIG S o OB KB 108 MPa A U, 2 Kot P
LD 22%RERT V. TOREMED h=30mm & RQ2DARXR—%—1J 7
FoEE < z=5mm T ICHY T 5. £/, AU —7% « Nm EI24& T 25 HEfk
IS oo, o B 2 WAL & T B &, RS—H— U L IR LA T —
HELTWrZERLMND., EROANED a3, NEHD o XD HRKEWVWD L IX
h=30mm DA L FEKIC, TORKREZEZXDLZ LN TE L. TR RIEICE
THZ L, M4-11OICELVBMHATE S, h=10mm OFE, AX—H—1
AT T A Y — 7 L O IR OR 2 E EAME) 23 E U S (K 4-10(b), 4-
11(b)). FEREMITTIEAY —THNEN, ARXR—H—J U IZHRILY KE VDT,
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AV —=TWIEZDRERBPFEWICHETDICN oo DELDZ EITRD. LD
L, AV —=7HNmTix, AX—H%—VU o ZiHfATE CREREMEDNLAEL D
» T (K 4-10(b)), TN > TAY =T Wi LIZA L DI67) o & off B EHE
MIZKELRDIZONETD G IXETDOHWHLT 5. ZORKEFE, K 4-10(b)IC K
bNDEIRAY —=THHEDBERICLDICTI N A==V VT EmMAY z=
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Fig. 4-11 Explanation of deformation and contact status of the ceramic sleeve
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Fig. 5-1 Layout of continuous galvanizing pot and rolls.
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Fig. 5-2 Dimensions of 1/4 cylindrical model (mm).
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Table 5-1 Material properties of Si3N4

Thermal conductivity (W/mK) 65
Specific heat (J/kgK) 680
Thermal expansion coefficient (1/K) 3.0 10
Young's modulus (GPa) 300
Mass density (kg/m?¥) 3200
Poisson’s ratio 0.3
Fracture toughness (M Pa, m) 7.7

Fig. 5-3 Step of dipping.
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5.3 BE#R D O B AR R
RIEOBANEPLORFICEID AV =T OMBANKITT D70, BikDES
T, AV —7BEITLTHEL, Yy 7 FNEDBETHAREMERD D, F 2
T, B73v s v/ — VEEMERICRBETIHBEICBITOIRAT —T LT
¥ 7 FPOEMKEALK 5-4 27T . BRESET T2 TYy Yy 7 MERY —
T OBMDS, BENETT LAV T FTHPLH0HL TV D. &
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Fig. 5-4 Contact state during dipping (Dipping speed: 2 mm/s).
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5.4 BILT
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2V =T 2REIELIHGLOMBELRT. LITEKRDO AV =T D0 25k
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T DR D AV =T OBIS R 25 b RKREW. 2D X, MIFTET VO
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(a) Maximum stress vs. time for sleeve with shaft
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(b) Maximum stress vs. time for shaft

Fig. 5-5 Maximum stress vs. time during dipping

(Dipping speed: 2 mm/s).
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{a) Stress distribution for sleeve (63s)
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o
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(b} Stress distribution for shaft (92s)

Fig. 5-6 Position of the maximum stress for shrink fitting
(Dipping speed: 2 mm/s).
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Fig. 5-7 Maximum stress vs. time for sleeve without shaft during dipping
(Dipping speed: 2 mm/s).
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Fig. 5-8 Position of the maximum stress for sleeve without shaft
(Dipping speed: 2 mm/s).
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Fig. 5-9 Comparison between the results for the sleeve with shaft and sleeve without shaft
(Dipping speed: 2 mm/s).
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Fig. 5-10 Comparison between the results for the sleeve with shaft and
sleeve having partial insulated zone (Dipping speed: 2 mm/s).
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Fig. 5-12 Comparison between the results for the sleeve with shaft and
sleeve having partial insulated zone.
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