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Rolling Stress and Fatigue Failure Analysis in Bimetallic Roll When the Work Roll is
Used in Four-High Rolling Mill
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(Nao-Aki NODA) (Mohd Radzi ARIDI)  (Yoshikazu SANO) (Kakeru TAKATA)
(Zifeng SUN)  (Yasushi TAKASE)

Abstract

In hot rolling mills, bimetallic rolls consisting of HSS and DCI are extensively used because of their excellent
hardness and wear resistance although fatigue failure study is not available. To extend the roll life service, in
this study, a three-dimensional finite element method is applied to investigate the rolling stress of the work
roll in the four-high rolling mill. To clarify the mechanical stress, zero residual stress is assumed. Then, the
fatigue strength is discussed by focusing on several critical points inside of the work roll. The effect of the
crown profile at the backup roll surface is clarified as well as the effect of the wear profiles at the work roll
surface. It may be concluded that the most critical point is located at the HSS/DCI boundary point Bgm where
(r,z2)=(270 mm,0) because the largest stress amplitude appears due to the contact of rolled steel. Another
critical point is located at 35;‘1 where (7z)=(270 mm,750 mm) due to the contact of backup roll.
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Beach mark

(a) (b)

Fig. 1 Failure at Grain/FC boundary in bimetallic work roll (Grain =Grain graphite, FC= Flake
graphite cast iron) (a) Fractured surface; A: Near boundary, B: Beach mark in shell, C:
Roll surface, (b) Cross-section view of spalling crack'’ "’

AT 2) Rt



IR A2 ST 5. &b, TITREEICIVAECZISHOBERTEELSDZHW5, &
R B) A 7 OFHI, B— VORBIENZEET 252 Lk, RURTHLD, ZOEADIZO DAL
HHEEIZEO VA=A =12k oTHEL L. LoT, 22T, FTINETTHRORYS L EKES
OU—VIZAEUZINNZWEICT 2720, BREIGDEEaE T4 2L C, RELHOBE,S, ThET
OB — VEEFRFERS O S BT L C, I BIEAEBRIL A B S ST 5. S E TISAT b N IEREIE )
B COREGy DWRZER, #5780 FE 573 BRD & ) 2l 7 iXBR T 412 Fﬁﬁéﬂfﬁ D, —IRIZE WS NSl
WORITTHAERIC L BEHIIIIT DT, $4bb, @EOEIFIEENEMIC IS TED L HIZAEL 55
EB LRI Toaw 19718 x5 T KT, E%ﬁﬁﬁﬁ?f@ﬂﬁi’ﬂl‘ﬁxn:%l%ﬁ%?é.

2 BRI

1A CH 20— UFGEIC & E BT E P, M E pa = P /L, p&° = P /W Z5R3. B
2R EHICT =27 0= VOEZED, =660mm, £&L=1800mm, Xy 2Z7 7 v 7u—)VOEZED, =
1400mm, £& L = 1800mm & L7z, EIEEM (Rolled steel) DIEIX W = 1200mm & 3 4. FEIEMEII T —
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Po,W&ieh Fi7z, B2IZRT LNy 7Ty 70— )V|2I13EE 90mm, #E 20mm DHE Y % &%\
%20 ) OLBEPEZOWTIE 4 ETHAS.

Table 1 Rolling size and condition (Base value)

Size Work roll Backup roll Rolled steel?®
Diameter (mm) D,,=660 D,=1400 -
Length / Width (mm) L=1800 L=1800 W=1200
Rolling force, P,,,,, (kN) 16400
Line force, pg* from Backup roll (N/mm) PuL=91
Line force, p¢”* from Rolled steel (kN/mm) P, w=137

 Inlet thickness: 4.9 mm, Outlet thickness: 3.3 mm,
Contact width: 23 mm

Piotar/2 = 16400kN /2
] [ \

L | L/2

[
Backup
roll
Dg(z)
Work:
roll

< Rolled steel
w
Backup Dy (z)
roll

THttttes

W/Z
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Fig. 2 Three-dimensional FEM model of four-high rolling mill
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W5, F7, ZITRRET LU VNEOBISINIEERGHZD S 1 EEIZ T — VINIMREED %
{7, B0C~80C CEFIRFEIZET 2O THMT S, TU— VEFRIZ L 20— UHIAM 2 FCET 10 B
ML LR ESND 2 Ens, EyHELE 2 258 R LRGN OBIE I & 2 8% BT 2548 0%
W X 5T AR CIREEIZERE TS, B3 ICERTOT—2 10— Lo HSS & & DCLE DT DIk
T - OFABHE RS, UL, MR 7 — % X— 2 (J-MatPro®) 2 FfH L T 5. &3 ICFEKELGO
bR 55 (mass, %) % 7R 2027

RIEHTIZIE, 3 WICHIA A BRE K MSC Marc/Mentat 2012 2 2. 7 — 27 0 — VOPNEIEIIZD
WIS ETES AT 2 0 5 2 TE Rz, BT % RS CH7-. B4 |2 FEM #TE7 )V %
R /Ay Y203 30mm X 30mm X 30mm T, 4 5 4 mAZER Y AV, I JERERICIE 8 Hi L 6
RERE VA, Hi 822,320, 2H#$20,006 TH L. T—2ra—)LkNy 77 v 70— )VOFERANT 1L,
E L 5.

Table 2 Material properties of the rolls

Property HSS DCI Backup roll
Tensile strength (MPa) 1575 415 1575
Fatigue strength® (MPa) 630 166 630
Yield strength (MPa) 1270 410 -
Young' s modulus (GPa) 230 174 210
Poisson' s ratio 0.3 0.28 0.3
Density (kg/m?) 7600 7300 7800

® From reference %
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Fig. 3 Stress-strain relations for HSS and DCI
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Table 3 Chemical compositions of the work roll (mass, %)26)’27)

Element C Si Mn P S Ni Cr Mo Co \Y W Mg
HSS 1~3 <2 <15 <1 <1 <5 2~7 <10 <10 3~10 <20 <10
DCI 2.5~4 1.5~3.1 <1 <0.1 <01 04~5 0.01~15 0.1~1 <1 <1 <1 0.02~0.08

Backup roll

IIlGD

— e
30

M 150

30 Workroll

Fig. 4 FEM mesh for backup roll and work roll
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Table 4 Fundamental roll profile and rolling force considered in Section 3

Roll profile (mm)
Backup roll Work roll
gf? hc hw

Rolling force ratio  Target results
P/P,,, (MPa)

Section 3
90 0 0 1.0 Stress o,, 6,, 0,
(Fundamental profile)

£, : Chamfer length, &, : Crown profile, &, : Wear profile

P total/ 2
(_1_\

-".‘\%Z;zt roll

P tatal/ 2
I_A_i

Backup roll

200 ———
0 _J__\[ - r\t___—!sﬂ - ’X‘&—
T -200 .
o
=
Nt
et
© 400 | E
@
)
: !
©w -600 .
From backup roll
M 6 =90°
-800 .
From ro led steel
0=—
_1000 1 1 1 1 1 1 1 1 1 1
-180 -120 -60 0 60 120 180
Angle, 8 (°)

Fig. 6 Stress distribution o along the roll surface in the 6—direction at z=0 in Fig. 5
when P/Pota = 1.0
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B2, 0 = —90° (FEIEM]) CTHRAREMEIS DA SARIG I THRAEL Tnb. 0=90°0Ny 77 v 7a— )il e
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o, = 81TMPa < 1270MPa & 7% V) 44 & (HSS) O Wikt 1% Tl - Tw A, [#IZ, HSS/DCISi 7
(r = 270mm) I2BWTH g, = 388MPa < 410MPa & 7 0 A& (DCI) DRERIG LT TH 5.

200
Ptot‘al/2
) 100 | .
0 = 0°, 145°
0 =
100 r /
\Y ¥V A 4
T -200 \j .
= o
s 90 _
Backup roll < -300 J
- —90°
& -400 F .
Chamfer ;
& -500 .
1
Sugtage 2 00 o0 |
----------- ™ <700 .
‘I
Workroll | 0° -800 90 1
A 900 |—Boundary (r =270 mm) i
__________ — —Surface (r =330 mm)
BO“ndal‘y - 1000 1 I 1 I 1 I 1 I
“H I Hng”’e r=270mm —90° 0 100 200 300 400 500 600 700 800 900
Cross section Distance from center, Z (mm)
(a) Surface and boundary layers in the work roll (b) o

Fig. 7 Stress distribution o: along the surface r = 330mm and the boundary layer r = 270mm in the
z-direction, (a)Surface and boundary layers in the work roll, (b) stress distribution o: at the
HSS/DCI boundary and the surface in Fig. 7 (a) when P/Prot = 1.0
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B LC, HSS/DCIHFMTIED o, DISHIRIENHETH D, €2 THRWMLTIE, 4 BTEREEZILL 725
re g L7z, BET, Z0&H7Z%, IHITHRD L ST HSS/DCIEFRET < O HE %
g E LT, HSS/DCIHER EONERIE] 0, ITEH L TEHET .

200 T T T T T 200 T T T T T T
100 6 = 90° (From backup roll) | 100 L @ = —90° (From rolled steel) |
0 R
100 100 L =255 mm
270 (Boundary)
= -200 = 200 278
o o
2 -300 2, -300
& -400 F & -400 F
£ .500 £ 500 285
4 g 300
7 -600 | &% -600
-700 -700
-800 800 E 330
900 1 900
1000 L L . . L . . L 1000 L L . L L . : N
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Distance from center, Z (mm) Distance from center, z (mm)
(a) From backup roll side (b) From rolled steel side
—620MPa —~600MPa —400MPa —200MPa 100MPa
i —7r= 330 mm
L/2 —1= 270 mm
—785MPa
Backup roll
_r=0
Chamfer oMin=_g53MPa
60 mm
Work roll
—71=270 mm
T T
‘ —817MPa —600MPa —400MPa —200MPa 100MPa
Wz 0 100 200 300 400 500 600 700 800 900

Distance from center center, Z (mm)
(c) Contour map for stress o, at 8 = +90° in Fig. 2

Fig. 8 Stress o: at r = constant when P/Pw: = 1.0, (a) for the contact region between
work roll and backup roll, (b) for the contact region between work roll and
rolled steel (c) Contour map for stress o
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pp(2) = f 0,(r, 0,21, _ 330mm COS*Ordo (1)

P= f pp2)dz 2)
0
pgﬁﬂe — P/W <4)

ZZ2T, 0% BES5@) IR EINAEMBEIOME, 2 TEMEITHD. F72, 0l g lE T — VK
DS TH L. B, Bfilfh 0, /NS VOTIR) OEEEMIEHTE L5, HWE pe™ = PIL 13—#
WHWOENL T =7 0=~ ONIJTH L. BIS IR THE pd 1356 3HITl_72 L 9 12 pl = P/W =
const. & LTk .
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27y 70— VOHMBHOESTHS.

Dy(2) = 1400 + 2h, V1 — 2/¢t, (5)
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X (6) DEFET T 7 4 =i, BERmEECTOZEMIKRE , =Vl ZA D) - TERER b, DR IZE
t3%. HIBEIRTHZONDHEICHNT, Ny s 7y 7u—Vvor Iy 7u07 4 —=VOR(5) DK
MXFFRZEIE, A, = 0.5mm (28 LT 0.06/0.5 = 12% N T—H S E T 5.

XGB), G)EFHCTHEIICHCWLZEY 2Ny 27y TO—= VDI v h 2E8$5h. N Ty
O—)VOMA NI LB 72DH AS ATH NI BT 2 85 IR O 72D I 6,900 & BT I 724
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v, XoT, N7y Ta—Vvor Iy rEh,=A0. +h)™=02mm + 0.3mm = 0.5mm &3 5%.
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Table 5 General roll profile and rolling force considered in Section 4

Roll profile (mm)
Backup roll Work roll

5{7 hC h w

Rolling force ratio  Target results
P/P,,. (KN/mm)

Section 4 '
90 0.5 0~0.3 0.5~1.5 Line force pg
(General profile)

£, : Chamfer length, &, : Crown profile, &, : Wear profile

£, =90 mm
Back 11
ackupro £, = 810 mm JI/*
20 mm
he T T E— 1
urve crown
S,
Mwork roll Curve wear
£, = 690 mm 210 mm
| z
0

Fig. 9 Crown profile with height h. at the backup roll and wear profile with depth h. at the work roll

4.2 EEEETFNICHIIZDT7—/O0-NEFERTOT1—I

FEIEEETVTHWD T — 70— VOB ZEFETO 7 1 — VERFHT L7012, 9T, 777 r&
h, =05mm *#[EHELT, T—27u—)VOEEEhR, =0, 0.1, 0.2, 0.3mm & 2L ST, HME p,(2) ~D
W B v A, B0 1284 5 BRI BT 2 MR o 7o E p,(2) ZRT. BEREE A, =00 L
EHTE p, ) DIRDBKELRY, TOFREMBEIIERER b, PEINT 220N Ta— VigHENZ BT 5.

16 . .
Pp-13.0kN/mm
atz=750mm
14 -
E 12 /( |
E PR
Z 10 L1 -
ht 0.2
N
< 8 L 0.3 i
o
&
Q
E 4t .
—
2 - -
0 L L L L L L L L

0 100 200 300 400 500 600 700 800 900
Distance from center, z (mm)

Fig. 10 Line force ps(z) from backup roll when hc = 0.5mm, P/P:ww = 1.0 and hy = 0, 0.1 ,0.2, 0.3mm
(Point may express real rolling condition)
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B 11 ([ FEMERE P/P,,, = 0.5, 1.0, 1.5 12§ 2 i KW E p,y(2) & ZOMEZRT. T2 TlE, FEEH
HEREEMEOREBEEDITLDER, WhZ AREOHEES 2 L% | CF EME 2 EEMEICH LT
PP, =05~15,L7 BNMITRT LI, RABNE p,;() ZEEME P/P,,, (2L 57, EHEh,
AN E & BINEL b AT EOIRENEIXR, = 00 & LM IR (2 = 600mm) 5 THAE L,
h, SB35 &, COMEIZT - VOWRHRNEET 5. UL, 9— VLo 7 9 U95E <, i mh -
TWLIZONTZ T UPEAINELL o T B ZENFERL TV,

DDA TIE, REFER h)™ = 0.3mm T, py)2/hSVDT, AHBITE p,(2) 2SN <,
EREE D AR E WV b, = 0.2mm % W 5.

w
=}

0~0.3mm_[_ - |

690 mm 210 mm
T
h, = 0 mm 0 z:900mm_

=0.1
hh\hw\wg 4
wa Y\"«HOJ

(Use in Fig. 16 — Fig. 19)
\________-

[
4,8

]
=}

=Y
42§

[
=]
1

P/PtotaI: 0.5

Position of maximum line force, pg(z) (kN/mm)

5 1 1 1 1 1 1
550 600 650 700 750 800 850 900
Distance from center, z (mm)

Fig. 11 Maximum line force ps(z) from backup roll side vs. distance from center
when P/Pita = 0.5, 1.0, 1.5 and wear depth h» =0, 0.1,0.2, 0.3mm

5 KREREZIETFE L 7=0O-—IL0OIK 5 fGb%E T

FMEETCOFEMLD, Ny 77y 7a—VHRDES € =90mm, 777 &h, =05mm, 7—70—
WVEEFESR h, = 0.2mm & aE L, FERLEZEE L2217, R ICHEMICHWw o— v 7071 — )Lk
JEIEER N T S 2 /Rd. 22T, JEEMEIL P/P,,, = 1.0 2SEH#ETH 528, EEIETHEE S 415 A
C HRREOMER, REMIRERT 2 EOfMRERZZEE L T, KETIEL YL WEH P/P,, = 1.5 Z#&5E
5.

Table 6 Standard roll profile and rolling force considered in Section 5

Roll profile (mm)
Backup roll Work roll
€C h/(‘ h74<

Rolling force ratio  Target results
P/onml (MPa)

Section 5

90 0.5 0.2 15 Stress o,
(Standard profile)

¢, : Chamfer length, &, : Crown profile, &, : Wear profile
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Fig. 12 Position of o inside the work roll
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Fig. 13 Rolling stress o at 8 =0°, 6 = 90° and 6 = -90° along z-direction on the boundary r = 270mm
of the work roll when P/Pww = 1.5 (Stress unit, MPa)
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= (270mm, 0) & B §' THRT. —F, u— i T EENy 727 v 7 u— Vil (0 = 90°) HlOHPHIC BT 5
/MR 02" = —486MPa T 1) | T O TORKISIIRIEIX 2 = 7T50mm 2BV T o™ =g.2"
—00-% = 488MPa A%k 4. LUF ZOfriE (r, 2) = (270mm, 750mm) % B 2 TH .

B 14 27— 70— )v—iIZb72% HSS/DCI 55t F (r = 270mm) OIS 554 2R d . FEHROFIDIST]
o,atz =02 FEHT AL, EEMEITRKEMST 0, RWT/Ny 77 v 70— )VRIOEMIST o, 35ET
L. F72, BB CRTImEMOIET) 0, at 2 = 7T50mm (2B W TIX, Ny 7T v 70— )V llo R THEAMEGT o,
BIHAET D,

BENT, HLED S OBEIEEZEE L TR15 T — 2 a— Vil (r, 2) = (0, 0) TOIGHIRIEZ £%4 5.

RAIBTHRIE o™ = 132MPa & % %. LT, Huls(r,2) = (0,0)% C &5 5.

600

400 | —o;atz=0mm ]
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200 k
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400 |
600 |
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1200 |

1400 |

1600 |

1800 |

2000 L

From backup roll From rolied steel
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0 990 180 270 360
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Fig. 14 Stress distribution o at the boundary along 6-direction at z= 0 and z = 750mm
when P/Ptota = 1.5

300
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Fig. 15 Rolling stress o-at 8 =0° and 6 = 90° along z-direction at the work roll center r=0
when P/Pta = 1.5
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Fig. 16 Position of three critical points (B3"°, B4, CJ) on the circle inside of the work roll

Table 7 Maximum stress, minimum stress, mean stress and stress amplitude
at BZ°, B2} and C} on the circle when P/Piot = 1.5

All points [ O O o,
on the circle (MPa) (MPa) (MPa) (MPa)
B 4 -602 -299 303
B 2 486 242 244
o 47 -85 -19 66
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